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ABSTRACT 
Abstract of a thesis submitted in fulfilment of the requirements for the 
Degree of 
Doctor of Philosophy 
ECOLOGICAL AND PHYSIOLOGICAL STUDIES OF CLEMA TIS VITALBA L. 
Clematis vitalba L. is a deciduous perennial climber native to central Europe and southern 
England which has become a major invasive weed species in New Zealand native forest 
remnants. In forest remnants, C. vitalba tends to establish in forest gaps, forest margins and 
recently disturbed areas. A field distribution survey and, field and laboratory based studies of 
germination, growth, nitrogen (N) nutrition and light-level acclimation were conducted with the 
overall objective of determining reasons for the success of C. vitalba in New Zealand forest 
remnants. 
v 
The field site was at Dennistoun Bush, a native forest remnant located at Peel Forest, central 
Canterbury, New Zealand. Based on a distribution survey, a field based growth experiment and 
the investigation of naturally established C. vitalba (Chapter 2), it is shown that low light level is 
the primary factor associated with the limited establishment of C. vitalba in undisturbed forest 
and, that increased N availability following disturbance may be important in the successful 
establishment at high light levels. 
Chapter 3 sets out to determine if the pattern of C. vitalba distribution in the field can be related 
to the influence of environmental factors on germination. It is shown that moist chilling, applied 
N (as N03- or NH4 +) and light can reduce seed dormancy when applied at levels that are likely 
to occur in the field. It is concluded that the potential for germination is unlikely to be an 
important factor limiting the establishment of C. vitalba in undisturbed forest. It is proposed that 
the interaction of chilling, N and light, combined with sporadic seed release are important in the 
rapid establishment of C. vitalba in disturbed sites and therefore the success of C. vitalba in 
forest gaps and margins. A model for the mechanism of dormancy reduction in C. vitalba seed 
is proposed. 
Chapter 4 investigates the influence of N on growth and N assimilation. The response of C. 
vitalba to increased applied N is compared to the response of barley (Hordeum vulgare). It is 
shown that the growth, N assimilation and N storage characteristics displayed by C. vitalba are 
consistent with plant species adapted to environments with high N03- availability and, consistent 
VI 
with the establishment of C. vitalba in recently disturbed sites. This is further substantiated by 
the unusual characteristic where the potential for N03· assimilation (nitrate reductase activity) is 
increased under NH4 + nutrition. The stimulation of nitrate reductase activity (NRA) by NH4 + is 
discussed in depth. It is suggested that the leaf dominated N03· assimilation and the seasonal 
pattern of N remobilisation and storage displayed by C. vitalba may be important factors 
regulating canopy development and longevity. 
In Chapter 5, the low light acclimation potential of C. vitalba is determined. It is concluded that 
low light level is the most likely factor limiting C. vitalba establishment in undisturbed forest. It is 
shown that C. vitalba does not survive at 1 % full sunlight, but can survive at 3% full sunlight and 
achieve substantial growth at light levels in the range 10% to 100% full sunlight. It is proposed 
that the light acclimation potential of C. vitalba is an important factor in the encroachment of C. 
vitalba into forest remnants. The relative importance of light acclimation characteristics are 
assessed. The factors considered to be important in the low-light acclimation of C. vitalba are; 
the ability to increase specific leaf area (SLA) while maintaining light absorption per unit leaf 
area; the ability to reduce photosynthetic capacity (measured as soluble protein and RUBISCO 
activity) relative to potential light capture and; the ability to reduce leaf shading. The factors 
considered to be important in the high-light acclimation are; an increase in leaf thickness and; 
the ability to increase and/or maintain photosynthetic capacity regardless of N availability. 
Evidence is presented that suggests that the changes in dry matter partitioning that occur as a 
consequence of changes in light level are closely related to tissue N concentration. 
Chapter 6 investigates the carotenoid composition of C. vitalba. It is shown that light level, but 
not applied N level, influence carotenoid composition. The carotenoid composition of C. vitalba 
is compared to a range of plant species. It is concluded that C. vitalba has a large xanthophyll-
cycle pigment pool that is consistent with high-light adapted species and, that C. vitalba has a 
relatively low and inflexible chlorophylla to chlorophyllb ratio (chlorophyll a:b ratio) and low ~­
carotene concentration that are consistent with low-light adapted species. It is proposed that 
this combination of high- and low-light characteristics and in particular, the large xanthophyll-
cycle pigment pool, are important in the establishment of C. vitalba in forest gaps and margins 
where a rapid spatial and temporal variation in light level can occur. The carotenoid composition 
of C. vitalba is discussed in relation to the role of carotenoids in higher plants in general. It is 
shown that the influence of light on the xanthophyll-cycle pigments and ~-carotene is consistent 
with a role for these pigments in high-light protection, that the influence of light on neoxanthin is 
consistent with a role in light harvesting and, that the influence of light on lutein is more 
consistent with a role in high-light protection than light harvesting. 
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In Chapter 7 an invasive strategy of C. vitalba into forest remnants is proposed. It is suggested 
that the primary factors that account for the success of C. vitalba as an invasive weed in New 
Zealand native forest remnants are the ability to establish rapidly from seed following 
disturbance combined with; features of both low- and high-light adapted species; the ability to 
acclimate to a wide range of light levels regardless of N availability and; the potential for rapid 
growth in soils with moderate to high N availability. 
ADDITIONAL KEY WORDS: Old man's beard, leaf area ratio (LAR), leaf weight ratio (LWR), 
stem weight ratio (SWR), shoot to root ratio (S:R ratio), violaxanthin, antheraxanthin, 
zeaxanthin, de-epoxidation, epoxidation. 
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CHAPTER 1 
GENERAL INTRODUCTION: 
Clematis vitalba L. 
2 
1.1 CLASSIFICATION, ORIGIN AND DESCRIPTION OF 
CLEMATIS VITALBA L. 
3 
The deciduous perennial climber Clematis vitalba L. (hereafter referred to as Clematis vitalba or 
C. vitalba) is one of around 250 Clematis species in the Ranunculaceae family (Willis, 1973). 
Clematis vitalba is native to central Europe and southern England (Sankey, 1966; Ellenberg, 
1974). The naturalised range includes Ireland and Scotland (Fitter, 1978); Poland (Boratynski, 
1974); Denmark (Hansen, 1972); North America (Chambers and Dennis, 1973); North Eastern 
United States (Rudolf, 1974); South Australia (Jessop, 1983) and New Zealand (Allan, 1940). 
Clematis vitalba can spread either vegetatively, by rooting of stems in contact with the soil 
(Kennedy, 1984), or through the dispersal of seed by wind, water and birds (Atkinson, 1984). 
Seed of C. vitalba generally germinate in the spring to form small basal rosette seedlings which 
initially produce single, simple or trifoliate leaves and then five-foliate leaves as the stem begins 
to elongate and the plant matures (Plate 1.1). The five-foliate leaves of mature vines are up to 
25 cm long with each leaflet attached to the stem by a petiole that is capable of twining around 
support and aiding climbing (Mitchell, 1975; Kennedy, 1984). Each leaflet may be up to 9 x 5 
cm, ranging from entire to serrate and having small white hairs along the veins on the leaf 
underside. Leaves are produced in opposite pairs at thickened nodes. Nodes are around 15 -
18 cm apart on longitudinally ridged stems. New stems are dark purple and pale green, while 
older stems are woody and have a loose, long shredding grey bark. Stems can achieve a 
diameter of 10 cm and reach a height up to 20 m in an established canopy. Although whole 
plants may persist for many years individual stems are not long lived and generally survive for a 
maximum of 5 years. Flower panicles with up to 20 flowers develop in the leaf axil. Flowers 
have no petals but four pubescent yellow-green sepals. The flowers are hermaphrodite and 
contain around 50 stamen and 30 styles (Plate 1.2a). The fruit is an achene and well adapted to 
wind dispersal with the style elongating to around 2 cm (Plate 1.2b) before producing a feathery 
awn as the seed ripens (Plate 1.2c). Flowers open in early summer, seeds develop over the 
summer and remain on the plant until late winter. Flowering has been observed to occur only 
when plants are exposed to high light levels and may occur any time after the first 12 months of 
plant growth. 
4 
(A) 
(8) 
Plate 1.1 Trifoliate leaves of C. vitalba seedlings (A) and five-foliate leaves of more mature 
C. vitalba showing the development of flower panicles from the axil buds (8). 
5 
(A) 
(8) 
(C) 
Plate 1.2 Flowers (A), developing seed heads (8) and, mature seed heads (C) of C. vitalba. 
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Figure 1.1 
1.2 
Distribution of naturalised C. vitalba in New Zealand (hatched areas). Redrawn 
from West (1992). 
CLEMATIS VITALBA IN NEW ZEALAND 
Clematis vitalba occurs in most regions of New Zealand from north of Auckland to Stewart 
Island but appears to be absent in Northland, Coromandel, Western Bay of Plenty, Taupo, East 
Cape and Fiordland (Fig. 1.1). The primary source of spread of Clematis in New Zealand has 
been from its use as an ornamental (Atkinson, 1984). Native C. vitalba in southern Britain and 
central Europe generally establish in hedgerows, scrublands and on the edge of woodlands. In 
this native environment, reports of C. vitalba as a problem weed are limited to establishment in 
vineyards (Buxton, 1985), orchards (Boratynski, 1974) and young forestry plantations (Mitchell, 
1975) as well as some stock losses from ingestion (Conner, 1977). In New Zealand however, 
C. vitalba has become a major problem in forest remnants in the Nelson, Marlborough, 
Wellington, Wanganui and Manawatu regions and along river margins in many other regions 
(Fig. 3). In these areas C. vitalba tends to establish in recently disturbed sites including forest 
gaps and forest and river margins where it climbs over existing vegetation and produces a 
dense canopy which results in reduced light penetration to the vegetation underneath. In many 
cases this results in death of the established vegetation. Some native New Zealand climbers, 
for example Muehlenbeckia australis Forst. and Clematis paniculata Gmel., show a similar 
growth habit to C. vitalba, but seldom have a similar destructive effect on the existing 
vegetation. 
1.3 PREVIOUS RESEARCH ON CLEMATIS VITALBA 
7 
The success of C. vitalba as an invasive weed has resulted in extensive study of eradication 
methods (Buxton, 1985; Popay, 1984; Smith, 1984; Syrett, 1984). Traditional control and 
eradication of C. vitalba by cutting and herbicide application has been generally successful on a 
small scale, but relatively unsuccessful on a large scale due to the intensive labour 
requirements (Greer and Sheppard, 1990) and the unacceptable impact on the environment of 
large scale spraying (Buxton, 1985). Biological control using insect pests and plant pathogens 
has the potential to restrict the spread and distribution of C. vitalba, but is limited by the 
availability of effective control agents and the requirement for these agents to be host specific 
(Buxton, 1985; Syrett, 1984; Groppe, 1991). 
Few studies have been carried out on the environmental physiology of C. vitalba. However 
Atkinson (1984), based primarily on the distribution of C. vitalba in New Zealand, proposed that 
five primary factors limited distribution; 
1. Temperature: C. vitalba has a predominantly lowland distribution and does not appear to 
occur above 750m; this suggests growth is limited by the lower temperatures of higher 
altitudes. 
2. Rainfall: In regions that experience less than 800 mm annual rainfall (e.g. Central Otago) 
spread of C. vitalba is limited mainly to river beds. 
3. Soil physical conditions: C. vitalba rarely occurs on heavy clays suggesting that soil 
physical conditions (for example aeration and drainage) and/or chemical conditions (see 
point 4) affect growth and establishment. 
4. Soil chemical conditions: Sites of infestation are usually disturbed or recent soils which 
are generally higher in fertility than undisturbed sites, this indicates that C. vitalba may 
have a high nutrient requirement. 
5. Light: Establishment rarely occurs in undisturbed forests. This suggests that high 
irradiance levels are required at seed germination or early plant growth, although this may 
be related to nutrition (see point 4). 
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Seed ecology studies suggest that high levels of seed production may aid the spread of C. 
vitalba (Van Gardingen, 1986; West, 1992), but data on environmental factors that may 
influence germination are limited and often conflicting (Lhotska, 1974; Tucker, 1979; 
McClelland, 1979; Van Gardingen, 1986; see also Chapter 2). In areas where C. vitalba has 
established it is generally considered that light level and soil nutrition are the two main factors 
that limit further spread (Sankey, 1966; Ellenberg, 1974; Mitchell, 1975). However again, 
detailed physiological studies are limited (see also Chapters 4 and 5). Tucker (1979) and Van 
Gardingen (1986) have shown that C. vitalba can acclimate, to some extent, to reduced light 
levels by increasing leaf area, but no useful conclusions could be made from their nutrition 
studies due to experimental problems. 
1.4 OBJECTIVE OF THE STUDY 
The overall objective of this study is to gain further understanding at an ecological, 
physiological and biochemical level of why C. vitalba is a successful invasive weed in New 
Zealand native forest remnants. The importance of physiological adaptation and acclimation of 
C. vitalba to variable light, nutrition and temperature will be assessed. The study will focus on 
the establishment phase (seed germination and the first two years of growth) of C. vitalba. 
Specific objectives are given in the relevant chapters. 
CHAPTER 2 
DISTRIBUTION AND GROWTH OF 
CLEMA TIS VITALBA IN A 
NEW ZEALAND NATIVE FOREST 
REMNANT 
9 
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, 
The following corrections to Chapter 2 should be noted: 
Page 15, line 9: 
The sentence beginning "For example, obligate shade species are generally adapted to low light 
environments ... ", should read "For example, obligate shade species are generally adapted to low 
light environments, some can acclimate to higher light levels, but true obligate shade plants 
cannot acclimate to the extent of survival under full sunlight (Bjorkman, 1981)" 
Page 16, line 4: 
The sentence beginning "As light levels increase, the potential for light capture also increases 
and the rate of photosynthesis becomes increasingly limited by photosynthetic capacity.", should 
end with the reference (Farquhar and von Caemmerer, 1982). 
Page 18, Section 2.1.5. (and the comparative sections in Chapters 3,4,5 and 6): 
The sentence beginning "The objectives of this chapter were:", should read ... "The objectives of 
this chapter are:" 
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2.1 INTRODUCTION 
In New Zealand, demand for relatively fertile and productive lowland areas for agricultural and 
horticultural production has reduced vast areas of lowland native forest to scattered remnants. 
As these areas are often the (tlly remaining examples of a once prevale'1t vegetation, their 
preservation for aesthetic and conservation reasons has become increasingly important. The 
preservation of these small remnants is hindered by the continual demand for productive and 
recreational land, browsing by introduced and naturalised herbivores, and invasion by 
introduced weed species such as periwinkle (Vinca major L.), wandering jew (Tradescantia 
f/uminensis Veil.) and Clematis vitalba. 
The overall aim of this chapter is to determine if the distribution and growth rate of C. vitalba in 
a native forest remnant can be related to specific environmental factors. This section will; 
describe a typical lowland native forest remnant where C. vitalba has recently become 
established; outline environmental factors that have been suggested to influence the 
distribution and growth of C. vitalba; discuss the general responses of higher plants to these 
environmental factors and then; outline the specific objectives of this chapter. 
2.1.1 PEEL FOREST PARK: 
The Peel Forest reserve is situated near the Rangitata river in the Geraldine district, central 
Canterbury (longitude East 171 °14', latitude South 43°54'; Fig. 2.1 a). This reserve was 
established in 1909 when 19 ha of government owned land was set aside as a scenic reserve. 
Public pressure as a result of continued logging in the area resulted in a special act of 
Parliament in 1926 that increased the size of the reserve to 513 ha and gave its control to a 
reserve management board. The purchase of the Dennistoun Bush in 1967 and the subsequent 
addition of a few other small areas resulted in Peel Forest reserve becoming one of the largest 
forest remnants on the eastern side of the Southern Alps with a total area of 773 ha (Fig. 2.1 b; 
Appendix 1). In 1981 the reserve came under the control of the Department of Lands and 
Survey and later the Department of Conservation. 
The Dennistoun Bush area of Peel Forest (Fig. 2.1 b; Fig 2.2) is approximately 41 ha of lowland 
(around 300 m a.m.s.l.) broadleaf-podocarp forest containing large totara (Podocarpus totara 
D. Don.), matai (Prumnopitys taxifolia (D. Don.) Lauben f.) and kahikatea (Oacrycarpus 
dacrydiodes (A. Rich) Lauben f.). The Dennistoun Bush area is dissected by the Kowhai 
Stream, a small stream that since 1975 has been prone to flooding, gravel deposition and 
channel changes (Massam, 1986). 
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Figure 2.1 The location of Peel Forest Park in central Canterbury, New Zealand (A), and Peel 
Forest Park (drawn by the Department of Lands and Survey, Christchurch, 
New Zealand) showing the position of Dennistoun Bush (B). 
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2.1.2 CLEMATIS VITALBA AT PEEL FOREST: 
It is likely that C. vitalba was introduced to Peel Forest as an ornamental by residents of 
Blandswood (Fig 2.1; Fig 2.2) and from there, spread into the adjacent Dennistoun Bush area. 
At present, Dennistoun Bush and the adjacent Blandswood are the only areas with infestations 
of C. vitalba in the Peel Forest reserve. An active programme of C. vitalba control is carried out 
by the Department of Conservation but C. vitalba has continued to spread in Dennistoun Bush 
as a result of the infestation source at Blandswood and the need to control C. vitalba by hand to 
limit the impact on surrounding vegetation. 
A preliminary scan of the Dennistoun Bush vegetation indicated that C. vitalba tended to occur 
in forest margins adjacent to the Kowhai Stream, on the edge of walking tracks, and in tree fall 
gaps within the forest, but not in the undisturbed forest. The distribution of C. vitalba on forest 
margins and forest gaps is consistent with previous reports that suggest light level is a major 
factor limiting C. vitalba distribution (Atkinson, 1984) and also with reports that suggest C. 
vitalba is adapted to high light environments (Van Gardingen, 1986). Forest gaps and margins 
are not only associated with reduced vegetation, but also often associated with soil disturbance. 
Vegetation removal and soil disturbance result in reduced nutrient uptake by plants and 
increased soil mineralisation (Cameron and Haynes, 1986). As a result, recently disturbed 
areas can be expected to have increased levels of plant-available soil nutrients and in particular 
nitrogen (Haynes, 1986). Moderate to high levels of both soil fertility (specifically nitrogen) and 
light have been associated with C. vitalba distribution in Britain and Central Europe (Sankey, 
1966; Ellenberg, 1974). The association of C. vitalba with areas of moderate to high light levels 
and soil fertility indicate that light and/or nutrition may have an important influence on the 
potential for establishment and spread in forest remnants. 
2.1.3 RESPONSES OF HIGHER PLANTS TO DIFFERENT LIGHT LEVELS: 
Light provides the energy for all energy requiring processes involved in the growth of 
autotrophic plants. Light absorption is required for the electron transport reactions leading to 
the production of NADPH and ATP and the regeneration of the primary CO2 acceptor, ribulose 
bisphosphate (RuBP). The RuBP is then available for consumption in the Calvin cycle by the 
primary enzyme of carboxylation, ribulose-1 ,5-bisphosphate carboxylase/oxygenase 
(RUBISCO) leading to carbon fixation and ultimately growth. 
The light levels required for plant survival and, the potential growth rate at a specific light level 
are dependent on genetic and phenotypic traits. Genetic traits are dependent on the general 
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Figure 2.2 A schematic representation of Dennistoun Bush showing the position of the Kowhai 
Stream at the time of the study (November, 1992) relative to the position of the 
stream in October 1975. Also shown is area where the C. vitalba distribution survey 
was carried out (Study Area). 
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light environment under which the plant species evolved, do not change over the lifetime of an 
individual and are termed adaptation. The phenotypic traits are the characteristics displayed by 
an individual plant under a specific light environment. Phenotypic changes usually have some 
benefit to the plant at the light level under which they are expressed and in general are termed 
acclimation. Acclimation involves a change in the deployment of interns. plant resources. To be 
an advantage to the plant, the benefits that result from a change in resource deployment must 
exceed the cost involved in the resource deployment and maintenance of that deployment. All 
higher plants studied appear capable of some acclimation to variable light level. However, the 
extent of acclimation is dependent on adaptation. For example, obligate shade species are 
generally adapted to low light environments, most can acclimate to higher light levels, but true 
obligate shade plants cannot acclimate to the extent of surviving under full sunlight (Bjorkman, 
1981 ). 
In comparison with plants grown at high light, plants grown at low light tend to partition a 
greater proportion of total dry matter to light capture relative to nutrient and water uptake via the 
roots. This is reflected in a higher shoot to root ratio (S:R ratio). A reduced root mass may not 
be detrimental under conditions such as shade, where water and nutrient demand are often 
reduced. However, a reduced root biomass may be detrimental to plant growth where this is not 
the case (Bjorkman, 1981). Often an increase in S:R ratio is partly due to an increase in the 
proportion of total dry matter partitioned to the leaves (leaf weight ratio; LWR). An increase in 
LWR can result in an increase in leaf area on a whole plant dry weight basis (leaf area ratio; 
LAR). However, often of greater importance in terms of LAR is an increase in leaf area on a 
leaf dry weight basis (specific leaf area; SLA). An increased SLA is achieved through a 
reduction in leaf thickness, a reduction in the vascular and mechanical support tissue per unit 
leaf area and less photosynthate, usually starch, stored in the leaves (Bjorkman, 1981; 
Lichtenthaler, 1985; Dijkstra, 1989). A decrease in leaf thickness will decrease internal self 
shading (Givnish, 1988) and increase the efficiency of light capture but may reduce leaf 
resistance to the stresses associated with high light environments (eg. wind, high temperatures 
and high evapotranspiration). In a low light environment, photosynthesis and transpiration are 
often reduced and as a result, the requirement for the transport of water and nutrients to the 
leaf and photosynthate away from the leaf is also reduced. Consequently, a reduction in 
vascular tissue per leaf area can be achieved with no detriment to growth. For plants grown at 
low light, less mechanical support tissue is unlikely to be detrimental due to the generally 
sheltered nature of these environments, while a reduction in stored photosynthate in the leaf 
often occurs as a consequence of reduced photosynthesis. 
In general, at low light levels, the capacity of the electron transport chain and the utilisation of 
RuBP by RUBISCO in the primary carboxylation reaction (photosynthetic capacity) do not limit 
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the rate of photosynthesis on a leaf area basis. Instead, the rate of photosynthesis is limited by 
light capture and the resulting regeneration of RuBP. Consequently, at low light levels, 
photosynthesis is dependent on the ability of plant parts (most commonly leaves) to absorb 
photsyntheticallyactive radiation. As light levels increase, the potential for light capture also 
increases and the rate of photosynthe...,is become increasingly limited by photosynthetic 
capacity. As a result, at high light levels an increase in photosynthesis is dependent on an 
increase in the capacity of these photosynthetic reactions. 
In comparison with high light plants, plants acclimated to low light usually have a reduced 
photosynthetic capacity on both a leaf area and a chlorophyll basis. It is argued that the lower 
protein content associated with a lower photosynthetic capacity will result in significant savings 
in construction and maintenance costs of low light leaves, without affecting the photosynthetic 
rate. It has been suggested that the inability of some shade adapted plants to survive at high 
light is to some extent attributable to their inability to increase photosynthetic capacity when 
there is an increase in light absorption (Bjorkman, 1981). 
Light harvesting in higher plants is predominantly, but not exclusively, carried out by chlorophyll 
(see Chapter 6). Acclimation to low light usually involves an increase in total chlorophyll per unit 
leaf dry weight. This is generally achieved by an increase in chloroplasts per unit leaf dry weight 
and larger, more chlorophyll rich chloroplasts (Boardman, 1977). The main effect of the 
increase in chlorophyll concentration per unit dry weight in low light leaves is to maintain the 
chlorophyll concentration and hence light absorption capacity when there is a change in SLA 
(Givnish, 1988). On a leaf area basis, shade leaves typically contain similar or even less 
chlorophyll than sun leaves (Bjorkman, 1981; Maule et al., 1995). 
With few exceptions, as growth light level declines, there is a decrease in the ratio of 
chlorophyll a to chlorophyllb (chlorophyll a:b ratio). There have been several proposals 
regarding the importance of the changes in the chlorophyll a:b ratio that occur with decreased 
light level: Bjorkman (1981) suggested that shade light was more effective in exciting 
photosystem I (PSI) compared to photosystem II (PSII) and, in shade light, the decrease in the 
chlorophyll a:b ratio reflected an increase in the ratio of PSII to PSI required to maintain an 
energy balance between the two photosystems. Anderson (1982) suggested that the increase 
in chlorophyllb would increase the proportion of blue-green light captured by PSII, and as such 
would be important when the spectral quality changed under a vegetation canopy. Evans 
(1988) extensively criticised both these suggestions and proposed that the increase in 
chlrophyllb was a result of the decreased cost required to maintain light capture through 
additional light harvesting complex II (LHCII) chlorophyll-proteins (containing a high chlorophyllb 
concentration) compared to the additional reaction centre (RC) chlorophyll-proteins (containing 
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a low chlorophyllb concentration}. Associated with the lower chlorophyll a:b ratio of shade 
grown plants is an increase in the ratio of appressed to non-appressed areas of the thylakoid 
membranes (grana stacking) (Anderson et a/., 1973). Initially, grana stacking was thought to 
increase the chlorophyll concentration in chloroplasts and as a result, increase leaf absorption 
at low light. However, grana stacking does not appear to affect the quantum yield of 
photosynthesis (Evans, 1987) and the significance, if any, of an increase in grana stacking is 
unclear. 
In general, compared to high light leaves, low light leaves have a reduced carotenoid 
concentration on a leaf area and on a chlorophyll basis. This reduction is primarily due to a 
decrease in the concentration of ~-carotene and the xanthophyll cycle pigments in low light 
leaves. It is generally accepted that both these carotenoid fractions have an important role in 
protecting the photosynthetic apparatus from damage under high light conditions (Siefermann-
Harms, 1987; Demmig-Adams, 1990; Young, 1991 and references therein). Consequently, a 
reduction in carotenoid concentration at low light reflects a reduced requirement for high light 
protection. 
2.1.4 RESPONSES OF HIGHER PLANTS TO DIFFERENT NITROGEN LEVELS: 
Nitrogen (N) comprises a relatively small fraction of total plant dry weight (usually <5%) but is a 
constituent of many fundamental cell components such as, nucleic acids, amino acids, proteins 
and hence enzymes and, photosynthetic pigments. Consequently, N availability has a large 
influence on plant growth. In general, increased N availability increases plant growth by two 
main mechanisms; by increasing total leaf area for light absorption on a whole plant basis 
(Novoa and Loomis, 1981; Radin, 1983; Andrews et a/., 1991) and, by increasing light capture 
and photosynthetic capacity on a leaf area basis (Terashima and Evans, 1988), 
On a whole plant basis, additional N can increase photosynthesis and hence growth by 
increasing total leaf area and hence LAR. Additional N can increase leaf area either, through 
increasing the proportion of total plant dry matter partitioned to photosynthetic tissue for 
example, by increasing S:R ratio or LWR or, by increasing SLA. Nitrogen availability can also 
effectively increase leaf area and hence growth by increasing leaf longevity (Novoa and 
Loomis, 1981). 
On a leaf area basis, light capture generally increases with increased chlorophyll concentration 
whereas photosynthetic capacity is closely associated with the concentration of photosynthetic 
enzymes and in particular ribulose bisphosphate carboxylase (RUBISCO). Chlorophyll itself 
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contains only a small amount of N (4 mol of N per mol of chlorophylla or chlorophyllb) however, 
the associated chlorophyll proteins may substantially increase the N involved in light capture 
(Evans, 1989a). In comparison to light harvesting however, an increase in photosynthetic 
capacity appears to have a much greater N requirement (Evans, 1989a). In C3 plants, the 
substantial amounts of N required to increase photosynthetic capacity is, to a large extent, a 
result of the requirement for substantial quantities of RUBISCO. RUBISCO is by far the most 
abundant protein in C3 plants and in general constitutes around 40% to 50% of soluble leaf 
protein (Bjorkman, 1981; Evans, 1989a). Proteins contain around 16% N, it is therefore not 
surprising that in C3 plants there is a close relationship between the N concentration, the 
soluble protein content and the photosynthetic capacity of leaves (Dejong and Doyle, 1985; 
Field and Mooney, 1986; Lawlor et al., 1988). 
2.1.5 OBJECTIVES: 
The objectives of this chapter were: 
• To characterise the distribution of C. vitalba in a New Zealand native forest remnant. 
• To determine if the distribution pattern is related to light level and/or other physical features 
of a typical forest remnant. 
• To determine if light level or soil nutrition (particularly N availability) are major factors limiting 
C. vitalba growth in a New Zealand native forest remnant. 
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2.2 MATERIALS AND METHODS 
The C. vitalba distribution survey and field experiment reported in this chapterwere carried out 
at the Dennistoun Bush area of the Peel Forest reserve, South Canterbury, New Zealand 
(longitude East 171 °14', latitude South 43°54'). 
2.2.1 FIELD DISTRIBUTION SURVEY: 
The field distribution survey was carried out between January 6th and January 20th, 1992. The 
survey area was selected to contain representative areas of undisturbed and disturbed forest, 
forest/stream margins, forest/pasture margins and forest gaps (Fig. 2.2 and Fig. 2.3). The 
vegetation survey was comprised of 50, 50 m long transects. Half the transects (transect 
numbers 1 to 25) were positioned on the northeast side of the Kowhai Stream and the other 
half (transect numbers 26 to 50) positioned on the southwest side of the Kowhai Stream. On 
each side of the stream, transects were placed 20 m apart and, starting from the forest/stream 
margin, ran in either a northeast or southwest direction into the surrounding vegetation. Every 1 
m along each transect, the presence or absence of C. vitalba was recorded in transect plots 
that were 1 m by 2 m wide, centred on each transect. Light levels (photosynthetically active 
radiation) were determined with a Licor Li-188b quantum sensor at 1 m intervals for the first 5 m 
from the start of the transect (at the forest/stream margin) and then every following 5 m up to 
50 m. Light levels were also determined wherever C. vitalba was recorded. Each light 
measurement recorded was the mean of 4 light readings, taken at random positions over the 
width of the transect. All light measurements were taken between 1000 and 1500 hours and 
recorded as a percentage of the light level in full sunlight. The light level in full sunlight was 
redetermined at 0.5 hour intervals. 
2.2.2 FIELD EXPERIMENT: 
Seedlings used in the field experiment were grown at Lincoln University, Canterbury, New 
Zealand, from seed collected from naturally occurring plants at the Peel Forest field site. 
Seedlings were germinated and initially grown under glasshouse conditions. After 4 weeks, 
seedlings were transferred to natural outside temperature conditions and 70% natural sunlight. 
Seedlings were grown for a further 3 weeks before they were transferred to the field site. 
In the field experiment there were 2 forest locations and 3 soil nutrient treatments. The 2 forest 
locations were; inside (undisturbed) forest and outside the forest. The 3 soil nutrient treatments 
20 
were; unfertilised, additional nitrogen (N) and additional N and base fertiliser. The experiment 
was a randomised complete block with location as the block and 4 replicates of each treatment. 
Each treatment was comprised of an 8 m2 plot containing 20 evenly spaced seedlings. 
Positions inside undisturbed forest had light levels less than 5% full sunlight. Positions outside 
the forest were exposed to full sunlight for a large portion of the day. Soils amenced with N 
received 200 kg N ha·1 y(1 in the form of NH4N03• Soils amended with N plus base fertiliser 
received 200 kg N ha·1 y(1 in the form of NH4N03 and 100 kg P ha·1 y(1, 100 kg K ha·1 y(1, 114 
kg S ha·1 y(1 and 100 kg Ca ha·1 y(1 as a mixture of superphosphate, potassium sulphate and 
calcium carbonate. Fertiliser applications were made in 4 equal parts in November, February, 
May and August of each year and continued for the duration of the experiment. 
Seedlings were transplanted to the field site and the initial fertiliser applications made on 
November the 29th and 30th, 1992. Two seedlings from each plot were then harvested every 3 
months until either no surviving seedling remained (for sites inside the forest) or until November 
1993 when there had been a total of 8 harvests (for sites outside the forest). At each harvest, 
seedlings were removed from the soil, taking care that as much root material as possible was 
recovered. Loose soil was removed from the root and each plant was placed in a plastic bag on 
ice. Seedlings were then transported back to Lincoln University for processing. At Lincoln 
University, three individual leaf samples of around 0.1 g fresh weight each were removed from 
the latest fully expanded leaves of each seedling. The leaf area of each sample was measured 
using a portable leaf area meter (CID corporation model CI-201). Two of these samples were 
then wrapped in aluminium foil and stored at -20 DC until later analysis of pigment and soluble 
protein contents. The remaining sample was dried at 70 DC for 4 days and re-weighed to 
determine SLA. For the remaining plant material, roots were carefully separated from the 
remaining soil by rinsing under running water. Excess water was removed from roots by patting 
dry with paper towels and each plant was then separated into root, stem or leaf material. Total 
leaf area was determined using ali-COR Model 3100 area meter. Individual plant parts were 
weighed to determine fresh weight and then dried at 70 DC for 4 days before being re-weighed 
to determine dry weight. 
On one occasion, leaf samples were collected from naturally occurring C. vitalba growing in 
either full sun or shade «10% full sunlight) positions at Peel Forest. These samples were 
wrapped in aluminium foil, stored on ice and then transported back to Lincoln University for 
processing. At Lincoln University, leaf samples were divided into three individual samples of 
around 0.1 g fresh weight each. The leaf area of each sample was measured using a portable 
leaf area meter (CID corporation model CI-201). Two of these samples were then re-wrapped in 
aluminium foil and stored at -20 DC until later analysis of pigment and soluble protein contents. 
The remaining sample was dried at 70 DC for 4 days and re-weighed to determine SLA. 
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2.2.3 PHOTOMETRIC PIGMENT ANALYSIS: 
Leaf samples for pigment determinations were freeze dried. Pigments were then extracted from 
leaf samples by grinding in a ground glass tissue homogeniser with a known volume of 80% 
(v/v) acetone. Samples was then centrifuged at 5000 x g for 5 minutes, the final volume of each 
supernatant measured and then the absorbance of each solution determined in a 10 mm 
path length cuvette at 750.0 nm, 663.2 nm, 646.8 nm and 470.0 nm, using a Shimadzu UV160-
A spectrophotometer. The chlorophyll a, chlorophyllb and total carotenoids content of each 
sample was determined using the equations of Lichtenthaler (1987). Any turbidity in the sample 
was corrected for by subtracting the absorbance of the sample at 750 nm from the absorbance 
at each equation wavelength. 
Chlorophylla (~g mr1) = 12.25A663.2 - 2.79A646.a 
Chlorophyllb (~g mr1) = 21.50A646.a - 5.10A663.2 
Total carotenoids (~g mr1) = 1000Ap o - 1.63 (chlorophyll a) - 63.14 (chlorophyllb) 
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The accuracy of the equations used for the determination of chlorophyll concentrations was 
verified using freshly prepared chlorophyll a and chlorophyllb standards (Appendix 2). 
Chlorophyll standards were prepared using the TLC method outlined in Chapter 6. The purity of 
the standards was verified by comparing spectra peaks in pure solvents (Lichtenthaler, 1987) 
and by comparing the ratio of all absorption peaks to the Soret peak (Porra et al., 1989). The 
purity of chlorophyll a and chlorophyllb was found to be at least as good and if not better than 
those previously obtained in similar work (Appendix 3). 
2.2.4 SOLUBLE PROTEIN ANALYSIS: 
Frozen leaf samples were homogenised in a ground-glass piston homogeniser in buffer 
containing 50.0 mol m-3 tris-HCI (pH 8.0) and the homogenate centrifuged at 10000 x g for 15 
minutes at 4 DC. An aliquot of the supernatant was used to determine soluble protein following a 
method modified from Bradford (1976). Briefly, 5.0 ml of Coomassie Brilliant Blue protein 
reagent (Appendix 4) was added to 0.5 ml of sample aliquots that contained protein levels in the 
range 10 to 1 00 ~g protein mr1. The contents were mixed and after 2 minutes, the absorbance 
at 595 nm determined. The soluble protein content of leaf samples was then estimated by 
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comparison with the absorbance obtained using bovine serum albumin (Sigma Chemical Co.) 
(Appendix 5). 
2.2.5 DETERMINATION OF SOIL NITRATE AND AMMONIUM: 
At each seedling harvest date in the field growth experiment, soil samples (0 to 150 mm depth) 
were taken from unfertilised soils near each experimental plot, placed in plastic bags, sealed, 
stored on ice and transported back to lincoln University for analysis. Each soil sample was 
mixed and a subsample of a known weight (around 30 g) was taken for determination of 
extractable N03" and NH/. The remaining sample was weighed and air dried at 67°C for 3 
days before re-weighing to determine soil water content. On one occasion, an additional soil 
sample was taken from a recently disturbed position on the foresVKowhai Stream margin (Fig 
2.1 ). 
SOIL EXTRACTION: 
A known weight (around 30 g) of soil at field moisture content was placed in a 100 ml 
Erlenmeyer flask containing 50 ml of 2 mol m"3 potassium Ghloride. Flasks were stoppered and 
then shaken on an orbital shaker for 30 minutes to extract soil N03" and NH4 + into the 
potassium chloride solution. The solution was then decanted into centrifuge tubes and 
centrifuged at 10 000 x g for 15 minutes. Aliquots of the supernatant were then used to 
determine N03" and NH4 + concentrations in the soil sample. 
NITRA TE DETERMINATION: 
Nitrate determination was carried out using a cadmium reduction method modified from 
MacKereth et al., (1978). The cadmium (Cd) metal was generated by placing zinc rods in a 
solution of 20% w/v cadmium sulphate. After standing overnight, the resulting Cd metal was 
scraped off the rods and divided into small pieces using a spatula. The resulting Cd was 
washed in a 3% v/v hydrochloric acid solution and then rinsed several times with deionised 
water. 
For the determination of soil N03" a 1.0 ml aliquot of KCI soil extract was added to a vial 
containing 1.0 ml of 2.1 % w/v sodium tetraborate, 3.0 ml of 2.6% w/v ammonium chloride 
solution and 0.8 - 0.9 g freshly prepared spongy Cd. The vial was stoppered and shaken for 1 
hour. A 2.0 ml sample of the liquid contents of the vial was then transferred to a test tube 
containing 4.5 ml water and 0.5 ml of sulphanilamide (1 % w/v solution in 10% v/v hydrochloric 
acid). The contents of the test tube were then mixed and left to stand for 5 minutes before 0.5 
ml of N-1-naphthylethylenediamine dihydrochloride (0.1 % w/v) was added and the contents 
mixed. The absorbance of the final solution at 543 nm was measured spectrophotometrically. 
The concentration of N03" in the soil solution was then determined by comparing the 
absorbance of the sample solution to a standard curve prepared by Cd reduction of solutions 
containing known concentrations of KN03 (Appendix 6). 
AMMONIUM DETERMINATION: 
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Ammonium was determined by a method adapted from Baethgen and Alley (1989). To a 1.0 ml 
aliquot of KCI soil extract in a test tube, 5 ml of a solution containing 2.68% w/v sodium di-
hydrogen phosphate, 5% w/v sodium-potassium tartrate and 5.4% w/v NaOH was added and 
the contents were mixed. To this, 4.0 ml of a solution containing 15% w/v sodium salicylate and 
0.03% w/v sodium nitroprusside was added and the contents mixed again. Finally, 2.0 ml of 
0.32% v/v sodium hypochlorite was added and the contents mixed once more. The final 
solution was allowed to stand for 30 minutes at 25°C before the absorbance at 650 nm was 
determined spectrophotometrically. The concentration of NH4 + in the soil sample was then 
calculated by comparing the absorbance of soil extract samples to the absorbance of standards 
prepared from solutions containing a known concentration of NH4 +. A representative standard 
curve is shown in Appendix 7. 
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2.3 RESULTS 
Data from individual transects from the Dennistoun Bush field survey area are presented in 
Appendix 8. A schematic representation of the major physical features of the field site and the 
position of the study area are presented in Figure 2.2. A schematic representation of the 
distribution of C. vitalba and light levels in the study area are presented in Figure 2.3. Light 
levels in undisturbed forest were usually <5% full sunlight and most often between 1 % and 3% 
full sunlight. Light levels >5% full sunlight were closely associated with forest margins and 
forest gaps. Without exception, the occurrence of C. vitalba was associated with light levels 
>3% full sunlight. Over 95% of all the transect plots that contained C. vitalba also had light 
levels that exceeded 5% full sunlight (Fig. 2.4). 
Based on information gathered during the 1992 field survey and information from the 1975 
aerial photograph (Appendix 1), each transect plot was associated with one of four forest 
positions that had distinctly different characteristics. These forest positions were; 
1. Forest/streambed margins that had no obvious recent disturbance 
2. Current or recent forest/streambed margins that had been subject to recent (post 
1975) disturbance. 
3. Forest/pasture margins. 
4. Forest gaps (treefall or walking track). 
The proportion of all transect plots that contained C. vitalba in each of these 4 categories is 
shown in Figure 2.5. Of the total number of plots where C. vitalba was recorded as present, the 
greatest proportion (64%) occurred in forest/streambed margins that had been subject to recent 
disturbance. This compares with only 17% occurring in forest/streambed margins that had been 
subject to obvious recent disturbance. The balance of plots containing C. vitalba occurred on 
forest/pasture margins (16%) or in forest gaps (3%). 
Characteristics of C. vitalba leaves collected from naturally occurring plants established in full 
sun positions (sun leaves) or in low light positions (shade leaves) are summarised in Table 2.1. 
Compared to sun leaves, shade leaves had greater SLA and total chlorophyll on a dry weight 
basis but reduced chlorophyll a:b ratio, total carotenoids and soluble protein on an area basis, 
soluble protein on a dry weight basis and, total carotenoids and soluble protein on a chlorophyll 
basis. There was no significant difference in either the concentration of total chlorophyll on an 
area basis or the concentration of total carotenoids on a dry weight basis between sun and 
shade leaves. 
Figure 2.3 
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The C. vitalba distribution survey site showing the position of survey transects 
(1-50), the location of C. vitalba on these transects and, an interpolation of light 
level data collected along each transect to show the areas where light level is 
likely to be below 5% full sunlight. 
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Figure 2.4. The distribution of all survey plots that contain C. vitalba between 6 light level 
ranges at Dennistoun Bush, Peel Forest. 
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Figure 2.5. The proportion of all transect plots that contain C. vitalba in each of 4 distinct 
forest positions at Dennistoun Bush, Peel Forest. 
Table 2.1. 
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Specific leaf area (SLA), total chlorophyll, chlorophyll a:b ratio, total carotenoids 
and soluble protein levels of leaves from C. vitalba established either in high 
light (full sun) or low light «10% full sun) locations at Dennistoun Bush, Peel 
Forest. Values in brackets are 1 standard error of the mean of multiple leaf 
samples (n=6). 
~ocation 
Full Sun <10% Full Sun 
SLA cm2 q-l 217 (15) 324 (22) 
Total chlorophyll ~Mols m -2 leaf 283 (16) 257 (18) 
area 
mMols g leaf dry 6.11 (0.53) 8.28 (0.47) 
weiqht 
Chlorophyll a:b Mol Mor 2.92 (0.07) 2.61 (0.04) 
ratio 
Total carotenoids ~Mols m -2 leaf 108 (6) 62 (5) 
area 
mMols g leaf dry 2.41 (0.31 ) 1.98 (0.28) 
weiqht 
mMols Morl 389 (12) 243 (8) 
chlorophyll 
Soluble protein q m -2 leaf area 3.62 (0.41 ) 1.3 (0.20) 
mg g-l leaf dry 78.2 (4.6) 41.4 (5.4) 
weiqht 
mg ~Mor1 12.8 (1.0) 5.0 (0.4) 
chlorophyll 
In the field experiment, regardless of whether soils received fertiliser or not, C. vitalba seedlings 
planted within undisturbed forest vegetation did not persist for the duration of the experiment. 
These seedlings however, did survive over the first growing season and over this period they 
produced new leaves but did not increase in dry weight (Fig. 2.6). In contrast, C. vitalba 
seedlings planted outside the forest not only persisted, but also increased in total dry weight. 
For these plants, the rate of dry matter accumulation was dependent on the soil fertilisation 
treatment (Fig 2.6). Maximum dry matter accumulation of around 17 g occurred in seedlings 
grown in soils fertilised with either N or N plus base nutrients. This was more than 3 times the 
dry weight accumulated in seedling grown in unfertilised soils. The ratio of shoot dry weight to 
root dry weight (S:R ratio) was consistently higher in seedlings grown inside the forest 
compared to outside the forest. However, because of the difficulty in recovering all root material 
in these plants, the S:R ratio is not reported. The influence of light on S:R ratio is dealt with 
more fully in Chapter 5. 
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Figure 2.6. Seasonal growth of C. vitalba seedlings planted at locations either inside (filled 
symbols) or outside (unfilled symbols) the forest at Dennistoun Bush, Peel 
Forest, in either unfertilised (e ,0), N fertilised (. ,0) or, N+base fertilised soils 
(&,6). Error bars are 1 standard error of the mean (n=4). 
In the field growth experiment, harvest date did not have a significant influence on any of the 
measured leaf characteristics and for clarity, the results presented in Table 2.2 are pooled data 
from across all the harvests when leaves were present. Regardless of soil fertilisation 
treatment, differences in SLA, chlorophyll, carotenoid and protein levels between seedlings 
planted in the forest and seedlings planted outside the forest (Table 2.2) were, in general, 
similar to the differences observed between naturally occurring sun and shade leaves (Table 
2.1 ). 
Inside the forest, seedlings grown in fertilised soils (both Nand N plus base) tended to have a 
greater SLA and, a greater total chlorophyll, total carotenoid and soluble protein concentration 
on a dry weight basis compared to seedlings planted in natural soils. In comparison, the 
chlorophyll a:b ratio and, the concentration of total chlorophyll, total carotenoids and soluble 
protein on a leaf area basis were not influenced by soil fertilisation. Outside the forest, 
seedlings grown in fertilised soils had higher levels of soluble protein, but all other leaf 
characteristics were not influenced by soil fertilisation (Table 2.2)" 
Table 2.2. Specific leaf area (SLA), total chlorophyll, chlorophyll a:b ratio, total carotenoids and soluble protein levels of leaves from C. vitalba 
seedlings planted at Dennistoun Bush, Peel Forest. Seedlings were planted either inside or outside the forest in either, unfertilised 
soils, soils fertilised with N or, soils fertilised with N + base fertiliser. 
Location 
Outside the forest (n=16) Inside the forest (n=8) 
Soil treatment Un- N N+base SE Un- N N+base SE 
fertilised fertilised fertilised mean fertilised fertilised fertilised mean 
SLA cm2 0'1 162 175 185 19 398 479 517 25 
Total J.1Mols m-2 leaf 272 293 316 13 248 267 259 14 
chlorophyll area 
J.1Mols 9 leaf dry 4.52 5.06 5.81 0.31 9.78 12.62 13.23 0.97 
weight 
Chlorophyll a:b Mol Morl 2.84 2.80 2.84 0.02 2.54 2.61 2.62 0.02 
ratio 
Total J.1Mols m-2 leaf 115 122 118 8 50 61 54 4 
carotenoids area 
J.1Mols 9 leaf dry 1.82 2.00 2.21 0.15 2.14 2.91 2.85 0.22 
weight 
mMols Morl 398 405 387 7 220 236 217 8 
- chlorophyll 
Soluble protein o m:2 leaf area 2.82 4.58 4.62 0.32 1.06 1.28 1.18 0.10 
mg g-1 leaf dry 45.2 82.4 86.4 2.2 41.0 65.6 61.0 3.82 
weight 
9 mMorT 10.0 16.2 14.8 0.4 4.2 5.2 4.6 4.4 
chlorophyll 
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Figure 2.7. Seasonal variation in water (A), nitrate (B) and ammonium (C) content of soils 
on a soil dry weight basis and, the nitrate concentration in the soil solution of 
soils (0) from either inside (. ) or outside (. ) the forest at Oennistoun Bush, 
Peel Forest. 
Extractable nitrate (N03') and ammonium (NH4 +) levels from unfertilised soils are presented in 
Figure 2.7. In general, both soil N03' and NH/ levels were highly variable. However, on a soil 
weight basis, regardless of forest position (inside or outside the forest) or the time of year, 
extractable NH/ was much higher (usually over 10 times) than extractable N03'. Also, 
regardless of the time of year, N03' and NH4 + levels were higher in soils inside the forest 
compared to outside the forest. To estimate N03' in the soil solution, N03' concentration was 
calculated on the basis of soil moisture (Fig. 2.7c). Similar to on a soil dry weight basis N03' 
concentration in the soil solution was highly variable (Fig. 2.7d). In general, N03' concentration 
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in the soil solution was higher inside the forest compared to outside (Fig. 2.7d). However, with 
only one exception (February, 1994), N03- concentration was never greater than 0.2 mol m-3. 
Overall, N03- concentration in the soil solution was not closely related to changes in soil 
moisture levels. Higher N03- concentrations in the soil solution were not necessarily associated 
with the lowest soil moisture Ip\'el (Fig 2.7c). The "one off" measurement of extractable N03-
and NH4 + from a recently disturbed section of the Kowhai Stream/forest margin (Plate 2_1) 
showed levels of extractable N03- and NH4 + on a soil dry weight basis of 0.32 ± 0_03 and 0-41 ± 
0.06~mol N g-1 soil respectively and this equated to around 0_65 mol N03- m-3 in the soil 
solution. 
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2.4 DISCUSSION 
The distribution pattern displayed by pl'3.nt species can often be related to the presence of 
environmental conditions that are suitalJle for the establishment, growth and reproduction of 
that species. In this chapter, the distribution of C. vitalba is determined at Dennistoun Bush, 
Peel Forest, central Canterbury; a typical New Zealand native forest remnant. The distribution 
pattern is then related to the presence or absence of certain environmental factors. In this 
discussion it is suggested that light level and soil disturbance are the two main factors that are 
closely related to the distribution of C. vitalba. This section will discuss the distribution of C. 
vitalba in relation to each of these factors in turn and will suggest that light level is the primary 
factor limiting C. vitalba distribution in undisturbed forest, while soil disturbance is important in 
the establishment of C. vitalba at high light levels. 
2.4.1 LIGHT LEVEL AND THE ESTABLISHMENT OF CLEMATIS VITALBA: 
Results from the field survey at Dennistoun Bush clearly show that C. vitalba has not 
established in areas where the light level is below 3% full sunlight but that C. vitalba has 
established in areas with higher light levels, particularly above 5% full sunlight (Fig. 2.3; Fig. 
2.4). In undisturbed forest, light levels were usually <5% full sunlight and often in the range 1 % 
to 3% full sunlight (Fig 2.3; Appendix 1). These light levels are consistent with those previously 
reported for similar forest types in New Zealand (McDonald and Norton, 1992). The absence of 
C. vitalba at light levels up to 3% full sunlight (Fig. 2.4; Appendix 1) and the inability of 
seedlings to persist in undisturbed forest, even when soils were amended with additional 
nutrients (Fig 2.6), is consistent with previous reports that suggest that light level is the primary 
factor limiting C. vitalba establishment in undisturbed forest (Atkinson, 1984; Van Gardingen, 
1986). 
Compared to leaves exposed to full sunlight, leaves of naturally occurring C. vitalba at low light 
« 1 0% full sunlight) had a greater SLA, greater total chlorophyll on a leaf dry weight basis, 
reduced chlorophyll a:b ratio and, reduced total carotenoid and soluble protein on both a leaf 
area and a chlorophyll basis (Table 2.1). Similar characteristics were also expressed in leaves 
of seedlings planted in undisturbed forest. Seedlings planted inside the forest also displayed a 
greater S:R ratio than seedlings planted outside the forest. These characteristics are consistent 
with the influence of reduced light level, tend towards characteristics expressed by shade 
adapted plants and as such, are considered to be important characteristics for plant survival 
under low light (Bjorkman, 1981; Lichtenthaler, 1985; Evans, 1988; Givnish, 1988). Although for 
Plate 2.1 Recent soil disturbance on the Kowhai Stream/forest margin at Dennistoun 
Bush. 
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C. vitalba, these acclimation characteristics alone do not appear to be sufficient to allow survival 
at the light levels associated with undisturbed forest, they are likely to be important factors in 
the establish of C. vitalba in the reduced light levels associated with forest margins and thus, 
may be important in the encroachment from these areas into undisturbed forest. 
A recent study carried out on Tradescantia fluminensis Veil., another invasive weed in New 
Zealand native forest remnants, suggests that its extensive capacity for low light acclimation is 
an important component of its invasive strategy and particularly, its ability to survive under a 
dense forest canopy (Maule et al., 1995). Compared to low light leaves of naturally occurring 
Tradescantia fluminensis (Maule et al., 1995), leaves of C. vitalba planted at similar light levels 
«5% full sunlight) (Table 2.2) had comparable values for SLA (around 500 cm2 g-1) and 
chlorophyll a:b ratio (around 2.6) but, per unit dry weight, had a much lower chlorophyll 
concentration (around 50%), and a much higher soluble protein content (up to 400%). For 
leaves with similar SLA, increased chlorophyll and reduced protein on a dry weight basis may 
respectively, increase potential light absorption and, result in savings in leaf construction and 
maintenance costs. These characteristics are considered to be important in low light 
acclimation (Bjorkman, 1981; Lichtenthaler, 1985; Evans, 1988; Givnish, 1988). The apparent 
inability of C. vitalba to alter chlorophyll and protein concentration to a similar extent as 
Tradescantia fluminensis may, to some extent explain the inability of C. vitalba to persist at the 
low light levels associated with undisturbed forest. 
2.4.2 SOIL DISTURBANCE AND THE ESTABLISHMENT OF CLEMATIS VITALBA: 
In the Dennistoun Bush study area, a large proportion (over 80%) of the established C. vitalba 
is closely associated with Kowhai Stream/forest margins. Establishment on river margins is a 
common characteristic of seed that is dispersed by water. It is possible that the establishment 
of C. vitalba on the Kowhai Stream/forest margin reflects the water transportation of seed. 
However, the common occurrence of C. vitalba away from the river margin (Fig. 2.3; Fig 2.5; 
Plate 2.3) combined with reports that suggest birds play an important role in C. vitalba 
distribution (Atkinson, 1984) suggest that limited seed dispersal is not the major factor limiting 
the extent of C. vitalba establishment. 
In general, vegetation removal and soil disturbance results in reduced nutrient uptake and an 
increased rate of soil mineralisation; leading to an increase in plant available nutrients and 
hence an increase in potential plant growth (Haynes, 1986). Pastoral grasslands are also 
associated with elevated soil nutrient levels, particularly on pasture margins where stock 
frequently camp (Haynes, 1986). Of all the plots that were recorded as containing C. vitalba in 
Plate 2.2 
_ ._ ....... I 
..... ""'" -. -- .., ...... , 
Large and vigorous specimens of C. vitalba on the Kowhai Stream/forest 
margin of Dennistoun Bush where both sporadic soil disturbance and high light 
levels occur. 
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the Dennistoun Bush vegetation survey, over 80% occurred in areas that had either obviously 
been subject to recent disturbance (parts of the forest/stream margin and forest gaps) or were 
subject to the influence of adjacent pastoral land (Fig. 2.3; Fig. 2.5). The most vigorous C. 
vitalba occurred in areas that were both subject to soil disturbance and exposed to full sunlight 
(Personal observation; Plate 2.2). In the field experiment, seedlings planted outside the forest in 
soils amended with additional nutrients had around 3 times the dry matter accumulation of 
seedlings growing in unamended soils (Fig. 2.6). These results suggest that soil nutrition may 
be an important factor limiting C. vitalba growth in high light. In the field experiment, a similar 
growth response to applied N alone and applied N plus base-fertiliser (P, K, S, Ca) (Fig. 2.6) 
suggests that, in high light at Dennistoun Bush, it is the availability of N rather than any other 
major soil nutrient that is limiting C. vitalba growth. 
At Dennistoun Bush, soil N03-levels were low (Fig. 2.7b,d), especially in comparison to N03-
levels reported for agricultural soils (Haynes, 1986). At Dennistoun Bush, soils were collected 
from sites that had not been subject to obvious disturbance for at least 20 years (outside the 
forest) or even longer (inside the forest). In these relatively undisturbed soils, low levels of soil 
N03- can be expected. In comparison to N03-, levels of extractable NH4 + were much higher (Fig 
2.7c), particularly in the high organic matter soils from inside the forest. Unlike N03--N however, 
NH/-N is often strongly bound to the predominantly negatively charged soil and consequently, 
not directly available for uptake by plants. This soil-bound N is likely to become increasingly 
available to plants as a result of increased mineralisation following soil disturbance (Cameron 
and Haynes, 1986). At Dennistoun Bush, frequent flooding of the Kowhai Stream is an 
important factor resulting in soil disturbance (Massam, 1986; Plate 2.1). It is likely that 
increased soil mineralisation as a result of this soil disturbance is an important source of plant 
available N, particularly when high organic matter soil from inside the forest is disturbed. In the 
present study, the elevated levels of soil N03- measured in soils following recent disturbance of 
the forest/stream margin (0.65 mol N03- m-3 soil solution) suggests that this is the case. The 
ability of C. vitalba to establish in recently disturbed areas and the ability to utilise increased N 
levels following disturbance, particularly in a high light environment, may be an important factor 
in the successful establishment of C. vitalba on the Kowhai Stream/forest margin. 
Plate 2.3 Seedlings of C. vitalba (centre of each photograph) that have established in 
Dennistoun Bush where canopy gaps result in light levels above those 
associated with undisturbed forest. 
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2.4.3 SUMMARY AND CONCLUSIONS: 
It has previously been suggested that C. vitalba tends to establish in forest gaps, forest margins 
and recently disturbed areas (see Chapter 1 and, the introduction of this chapter). This chapter 
characterises the distr d1ution of C. vitalba in a typical New Zealand lowland native forest 
remnant and confirms this distribution pattern. It is shown that C. vitalba has not established in 
undisturbed forest where light level is less than 3% full sunlight and it is shown that the 
establishment of seedlings at these low light levels is not influenced by soil fertility. It is shown 
that C. vitalba tends to establish in soils that have been subject to recent disturbance and that 
N, rather than any other major soil nutrient, is the primary factor limiting C. vitalba growth at 
high light. From these results it is suggested that low light level is the primary factor limiting C. 
vitalba establishment in undisturbed forest and that increased N availability, as a consequence 
of soil disturbance, is an important factor in the establishment of C. vitalba at high light. The 
results also suggest that although C. vitalba does not establish at the low light levels associated 
with undisturbed forest, it is capable of acclimation to light levels well below full sunlight. 
CHAPTER 3 
SEED DORMANCY AND 
GERMINATION IN 
CLEMATIS VITALBA 
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The following corrections to Chapter 3 should be noted: 
Page 58, Figure 3.2. The caption should be ... 
Figure 3.2 Mean monthly air temperature at Peel Forest, central Canterbury, New Zealand. 
Dashed lines represent the mean monthly maximum and mean minimum 
temperatures (New Zealand Meteorological service). 
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3.1 INTRODUCTION 
The regeneration and maintenance of plant communities from seed depends on seed being 
present in the right place at the right time with a physiological state capable of germination 
(Murdoch and Ellis, 1992). The loss of seed viability before germination and/or germination 
when conditions are inadequate for seedling establishment and growth may reduce the 
potential for species regeneration and increase the risk of extinction. To increase the likelihood 
that viable seeds will be present where and when the potential for successful germination and 
plant establishment occurs, a plant may either increase spatial distribution through seed 
dispersal and/or increase temporal distribution through plant longevity or seed dormancy (Rees, 
1993). Seed dormancy is particularly common in species where plant longevity is reduced, for 
example in annual and ruderal species. 
Seed dormancy, and in particular, seed embryo dormancy is commonly influenced by 
temperature, light and nitrate (N03llt has been proposed that the influence of these three 
factors in the natural environment may be important in determining where and when seeds will 
germinate. The influence and interaction of temperature, light and N03" may provide a 
mechanism for seeds to "sense" environmental conditions. The resultant potential to respond to 
specific environmental conditions may play an important role in optimising the chances of 
seedling survival by increaSing seed germination when conditions are favourable for plant 
growth (Karssen and Hilhorst, 1992). 
Although C. vitalba can spread vegetatively, through rooting of stems that come in contact with 
the soil, it is most likely that establishment in previously uninfested areas is due to seeds. In 
Chapter 2 of this study it was shown that C. vitalba tends to establish in forest gaps, forest 
margins and other recently disturbed sites. In these locations, a rapid spatial and temporal 
variation in light and nutrition (especially nitrogen) can be expected (see Chapter 2). The 
stimulation of C. vitalba seed germination by environmental factors associated with disturbance, 
resulting in the establishment in favourable areas for growth, may play an important role in 
determining both the establishment pattern in the field and the success of C. vitalba as an 
invasive weed species. 
The overall aim of this chapter is to determine how C. vitalba seed respond to a range of 
treatments and to consider whether the observed patterns of C. vitalba distribution in the field 
are consistent with the germination data. This introduction will; review some aspects of seed 
dormancy in general, with an emphasis on embryo dormancy; outline the literature on mode of 
action and potential ecological significance of chilling, light and nitrogen in overcoming embryo 
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dormancy; finally, this introduction will review the literature on germination that is specific to C. 
vitalba and then outline the specific objectives of the current investigation. 
3.1.1 SEED DORIIfl.ANCY: 
Seeds that are capable of germination when external conditions are favourable for growth are 
termed quiescent (Bewley and Black, 1982). Viable seeds that do not germinate even when 
external conditions are favourable for growth are termed dormant seeds. Dormancy can be 
either seed coat or embryo imposed. In seed coat imposed dormancy, the seed coat or some 
other plant organ prevents germination by either, physical restraint, the interference with gas or 
water movement or, the prevention of inhibitor removal from the embryo or by supply of inhibitor 
to the embryo (Bewley and Black, 1982). Embryo dormancy can be divided into two categories, 
that which results from embryo immaturity and that which occurs in mature embryos. Dormancy 
resulting from immaturity usually results from a lack of differentiation in seed tissue and, is 
generally overcome with time at relatively high temperatures. The cause of dormancy in mature 
embryos is less clear. It has been suggested that dormancy of mature embryos may result from 
some metabolic deficiency that can be overcome by a range of factors and that these factors 
depend on the plant species and include chilling, light, and N03-. The mechanism of action of 
these factors is not well understood (Bewley and Black, 1985), but their influence may have 
important ecological implications. 
3.1.2 
CHILLING: 
THE INFLUENCE OF CHILLING, LIGHT AND NITRATE ON 
EMBRYO DORMANCY: 
In many species, low temperature (chilling or stratification) can overcome seed embryo 
dormancy (Bewley and Black, 1978). The chilling duration and chilling temperature required 
varies between species, between populations and, between individual seeds within a population 
(Probert, 1992). The chilling duration and chilling temperature may also be modified by other 
factors such as light and N03- (Roberts and Benjamin, 1979; Vincent and Roberts, 1979; 
Probert et al., 1989). In general however, the influence of chilling requires the seed to be 
imbibed and has an optimum temperature of around 5 DC (Bewley and Black, 1982). 
Numerous studies have attempted to relate the influence of chilling in overcoming seed embryo 
dormancy to changes in seed metabolism and plant hormone status (particularly gibberellin), 
but in general, these studies have met with limited success (for review see; Bewley and Black, 
1982; 1995; Probert, 1992). The importance of gibberellin (GA) in dormancy regulation has 
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been implied primarily as a consequence of studies that show an increase in GA with chilling 
and numerous reports on the influence of GA in dormancy reduction. However, recent studies 
using GA-deficient mutants suggest that although there is an absolute requirement for GA in 
germination, GA synthesis is not directly involved in dormancy regulation (Karssen et a/., 1989; 
Karssen, 1995). Recent proposals, based on extensive literature reviews, suggest that 
membranes have a central role in dormancy regulation (Hilhorst, 1990a, b; Karssen, 1995) and 
that dormancy reduction by chilling is a consequence of the influence of temperature on 
membrane structure and function. The central role of membranes is supported by studies that 
show a distinct change in membrane structure and function with small changes in temperature 
and, a sharp distinction between favourable and unfavourable temperatures conditions for 
dormancy reduction and germination (Karssen and Hilhorst, 1992). 
A reduction in seed dormancy as a result of chilling has been shown to occur under natural 
conditions in the field and as such, chilling can be expected to play an important role in the 
seasonal timing of germination (Probert, 1992). A chilling requirement for germination has 
obvious ecological benefits for species growing in seasonal climates where winter temperatures 
are unsuitable for seedling growth and survival (Bewley and Black, 1985). For many species, 
differences in the sensitivity to chilling and the interaction of the influence of chilling with other 
environmental factors increases the variation in the timing of germination and as a result, 
increases the chances that at least some germination will occur when conditions are adequate 
for seedling establishment (Probert, 1992; Rees, 1993). 
LIGHT: 
Light influences germination in seeds of many plant species that display embryo dormancy. 
However, similar to the influence of chilling, the response of seeds to light varies greatly 
between species and between seed lots and, is influenced by a range of other environmental 
factors including temperature and N03". The influence of light can also depend on 
environmental conditions during and after seed development (Pons, 1992). 
Seed dormancy can be reduced by very low levels of exposure to light, especially when the light 
quality is restricted to the red region of the light spectrum (620 - 700 nm). It is generally 
accepted that the influence of light on seed dormancy is through the effect of light on the 
phytochrome pigment system. The light dependent transformations between the inactive form 
of phytochrome (Pr) and the active form of phytochrome (Ptr) are well understood (for review 
see Pons, 1992). However, much less is known about how phytochrome influences further 
steps in the regulation of dormancy. Studies involving the interaction of gibberellins, 
temperature and light (Taylorson and Hendricks, 1976; Grubisic et a/., 1988), and studies on 
gibberellin-deficient mutants (Groot and Karssen, 1987; Karssen et a/. 1989), suggest that the 
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influence of phytochrome may result from effects on GA production, membrane function and 
membrane integrity. A more recent hypothesis suggests that seed dormancy may be regulated 
by membrane bound phytochrome receptors and that the influence of light on dormancy is 
related to the binding of P'r to these receptors (Hilhorst, 1990a, b). 
The ecological significance of a light requirement for germination would seem to be primarily for 
the avoidance of germination at a too great a depth in the soil. This is supported by studies 
involving an extensive range of species that demonstrate an increase in the light requirement of 
seeds as seed size decreases (Grime et al., 1981). It has also been suggested that the 
influence of light on germination may be an important mechanism for the detection of canopy 
gaps and hence, a more favourable environment for plant growth (Pons and Van der Toorn, 
1988; Pons, 1992). 
NITRATE: 
Nitrate can overcome embryo dormancy in a range of species (Roberts and Smith, 1977; 
Vincent and Roberts, 1977). Stimulation of germination by other nitrogen containing chemicals 
including ammonium, nitrite, thiourea and hydroxylamine, has been described, but is less 
common and more variable in effect (Hendricks and Taylorson, 1975). In general, for applied 
N03-, germination is stimulated within the concentration range 0 - 50.0 mol m-3 Nand supra-
optimal N03- concentrations can inhibit germination. It is unclear whether this inhibition is a 
toxic, an osmotic, or a specific metabolic inhibition effect (Karssen and Hilhorst, 1992). The 
specific mechanism involved in the stimulation of germination by N03- is also unclear however, 
several proposals have been made. The proposals that have stimulated the most debate 
include, the involvement of N03- in; the activation of the pentose phosphate pathway (Hendricks 
and Taylorson, 1975; Roberts and Smith, 1977), the stimulation of oxygen uptake (Hilton and 
Thomas, 1986) and, the action of N03- as a co-factor of phytochrome (Hilhorst and Karssen, 
1988; Hilhorst, 1990a, b). The proposals that N03- may overcome dormancy either by the 
activation of the pentose phosphate pathway or by increasing oxygen uptake have been 
extensively criticised (Bewley and Black, 1985; Karssen and Hilhorst, 1992). The proposal that 
N03- may overcome dormancy through its activity as a co-factor of phytochrome is supported 
by the observation that most seeds stimulated by N03- are also influenced by light (Vincent and 
Roberts, 1977; Karssen and Hilhorst, 1992). 
The N03- concentration in the soil solution is usually in the range 0 to 1.0 mol m-3 but can be as 
high as 5.0 to 20.0 mol m-3 in recently disturbed or fertilised soils (Haynes, 1986). In Chapter 2 
of this study, N03- concentrations in the soil solution ranged from less than 0.1 mol m-3 in 
undisturbed soils to around 0.65 mol m-3 in recently disturbed soils. Most studies that report a 
reduction in seed dormancy with applied N03- use N03- concentrations in excess of those that 
can be expected to occur in soils (Vincent and Roberts, 1979; Saini et a/., 1985), while 
comparatively few studies have reported the influence of N03- in the concentration range that 
can be expected under natural field conditions (Pons, 1989; Hilhorst, 1990b). 
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The elucidation of the role of N03- in germination stimulation under natural field conditions is 
complicated by fluctuations in both soil N03- levels and, the responsiveness of seed to N03-
(Karssen and Hilhorst, 1992). The concentration of N03- in the soil is influenced by a range of 
factors including the season, soil type, temperature, soil water content, soil disturbance and 
vegetation cover whereas, the responsiveness of seed to N03- may be influenced by factors 
such as temperature and light (Bewley and Black, 1985). Pons (1989) argued that although 
there is often some seasonal pattern to soil N03- levels, variation was too irregular for the 
stimulation of germination in response to N03- to be an effective mechanism for detecting 
seasonal changes. Instead, he argued that an increase in soil N03- was an effective indicator of 
a favourable environment for plant growth and particularly, an effective indicator of vegetation 
gaps. He suggested that seed that germinated when N03- levels increased were more likely to 
be in an environment that was more favourable for plant growth. 
THE INTERACTION OF CHILLING, LIGHT AND NITRA TE: 
The positive interaction or additive effect of chilling, light (Pfr) and N03- on germination has been 
demonstrated in many species (Vincent and Roberts, 1977; Williams, 1983). In general, it has 
been found that seeds that respond to N03- also respond to light (Karssen and Hilhorst, 1992) 
and as a result, the interaction of light and N03- has been investigated in some depth (Henson, 
1970; Hilton, 1984, Hilhorst and Karssen, 1990). In these reports, the influence of Pfr is often 
correlated to the presence of N03- (Henson, 1970; Hilhorst et a/., 1986; Hilhorst and Karssen, 
1988). This has led to the suggestion that there is a close association between the action of Pfr 
and N03- in dormancy reduction (Henson, 1970; Hilhorst et a/., 1986). In embryo dormant 
seeds the influence of light and N03- also often extends to chilling. The regularity of the 
interaction between all three dormancy reducing factors has led to the suggestion that they all 
may act through a similar mechanism (Roberts and Benjamin, 1979; Bewley and Black, 1985). 
Hilhorst (1990a, b) proposed a model that integrated the effects of all three factors. The model 
suggests that dormancy reduction and the onset of germination is regulated by a plasma 
membrane bound protein and that processes that lead to germination can occur when this 
protein is bound to the active form of phytochrome (Pfr). The model proposes that the binding of 
the protein to Pfr is enhanced by temperature induced changes in membrane fluidity that result 
in the exposure of the protein to N03- and that this exposure increases the affinity of the protein 
for Pfr . 
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3.1.3 GERMINATION OF CLEMATIS VITALBA: 
In C. vitalba, germination is stimulated by moist chilling (stratification at 1-5· C for 2-5 months) 
and germination in seeds that have not undergone chilling can be less than 1 % (Rudolf, 1974; 
Grime et al., 1981). This data is consistent with embryo dormancy in C. vitalba seed (Rudolf, 
1974). Van Gardingen (1986) reported that in addition to total germination, chilling also 
increased the rate of germination. Lhotska (1974) reported an increase in the rate of 
germination, but not in total germination for C. vitalba seed subject to alternating temperature 
compared to constant temperature. Reports on the influence of light on germination of C. 
vitalba are inconsistent. McClelland (1979) reported 83% germination under total darkness and 
Groppe (1991) reported high germination under shade. In contrast, Van Gardingen (1986) 
reported that germination under total darkness was low and that germination increased when 
seeds were exposed to light for short periods. The influence of N03' on germination of C. 
vitalba does not appear to have been examined. 
3.1.4 OBJECTIVES: 
The objectives of this chapter were: 
• To determine the effect of chilling, light and applied nitrogen on dormancy and germination 
of C. vitalba. 
• To determine if the influence of these factors can be related to the pattern of C. vitalba 
establishment in the field. 
• To determine the effect of a range of other chemicals on dormancy and germination of C. 
vitalba in order to gain an understanding of the mechanism of germination stimulation. 
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3.2 MATERIALS AND METHODS 
Seed used in all experiments was collected from naturally occurring plants at the field study 
site, ~ eel Forest (see Chapter 2) and stored dry, at room temperature (approximately 20°C) 
until experimentation. For experiments 1 to 4, seed was collected in early winter (June, 1992). 
Seed for experiment S was collected at monthly intervals from early winter (June 2nd, 1993) 
until late winter (September 6th, 1993). In all experimental treatments, a known seed number 
(around SO seeds) was weighed (around 0.10 g) then placed on Whatman 182 filter paper 
within closed, plastic petri dishes. All chilling treatments were at SoC and non-chilling/incubation 
treatments at 20°C. Treatment solutions were made using deionised water and analytical grade 
chemicals. Initial seed mOistening was with 10 ml of appropriate solution. Any loss of moisture 
during the experiments was replaced with deionised water. Seeds were considered germinated 
at first visible radicle emergence. All experiments were of a completely randomised factorial 
design with four replicates of each treatment. All experiments were repeated with the exception 
of experiment S which was carried out once. Analysis of results was carried out using analysis 
of variance. For total germination, analysis was carried out on arcsin transformed data (Zar, 
1974). All other results were analysed without transformation. All significant differences 
discussed have a probability (P) value of less than S% and were obtained in repeat 
experiments. 
In experiment 1, there were 4 chilling duration treatments (0, 4, 8, and 12 weeks) and 13 
applied nitrogen (N) concentration treatments (zero Nand, O.S, 1.0, 2.S, S.O, 20.0 and SO.O 
mol m-3 N applied either as KN03 or NH4CI). Each seed lot was moistened with the appropriate 
N solution and placed in the dark for the duration of each chilling treatment. For zero chilling, 
seeds were treated in a similar manner, but room temperature (20°C) for 24 hours was 
substituted for chilling to allow seed imbibition. At the completion of all chilling treatments 
(including the zero chilling), seeds were removed from dishes, blotted dry on paper towels and 
re-weighed to calculate water uptake. Seeds were then returned to petri dishes and incubated. 
Germinated seeds were counted and removed every 3 days. All germination occurred within 4S 
days after the commencement of incubation. Germination counts were continued for a total of 
99 days to ensure comparative duration of imbibition for all chilling periods. The time (days) 
taken to reach SO% of total germination (T 50%) was calculated as an indication of the rate of 
germination (Huang and Zou, 1989). 
In experiment 2 there were 4 chilling treatments (0, 4, 8 and 12 weeks chilling), 3 nitrogen 
treatments (zero Nand 2.S mol m3- N applied either as KN03 or NH4CI) and, 2 light treatments 
(complete darkness and exposure to daylight). Each seed lot was moistened with the 
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appropriate N solution and placed in the dark at either chilling or non-chilling temperatures. To 
minimise the chances of inadvertent exposure to light, seeds intended for dark treatment were 
moistened under dimmed laboratory light «10 )lmol photons m·2 S·1) and then rapidly (within 5 
seconds) wrapped in aluminium foil. To ensure adequate light exposure in light treatments, 
seeds were not covered with aluminium foil and in addition were deliberately exposed to 
daylight for around 1 minute each day. After the appropriate chilling duration, all chilling 
treatments were transferred to non-chilling temperature, while non-chilling treatments remained 
at 20°C. As progressive germination counts could not be carried out on dark treated seeds 
without the risk of exposure to light, total germination counts for all treatments were carried out 
21 days after germination was complete in light treated seeds. 
In experiment 3 there were 2 temperature regimes (chilling (5°C) for 2 weeks followed by non-
chilling (20°C) and continuous non-chilling (20°C)) and 7 applied inorganic salt treatments. The 
salt treatments were zero N, KN03 at 2.5 mol m·3, NH4CI at 2.5 mol m·3 , KCI at 2.5 mol m·3 and 
KCI at 5.0 mol m·3 , 2.5 mol m·3 KN03 + 2.5 mol m-3 KCI and, 2.5 mol m-3 NH4CI + 2.5 mol m-3 
KCI. Each seed lot was moistened with the appropriate solution and placed in the dark at either 
chilling or non-chilling temperature. Imbibition was measured (as for experiment 1) on each 
treatment after 2 days and every following 2 to 3 days until the onset of germination. 
Germinated seeds were counted and removed every 3 days until 21 days had passed with no 
further germination. 
In experiment 4 there were 14 chemical treatments. These were; deionised water, KCI, NaCI, 
K2S04, KCI03, KN03 , NaN02 and NH4CI at 2.5 mol m-3 and Na2S04, (NH4hS04 and NH4N03 at 
both 2.5 mol m-3 and 1.25 mol m-3 . Each seed lot was moistened with appropriate chemical 
solution and incubated. Germinated seeds were counted and removed every 3 days until 21 
days had passed with no further germination. 
In experiment 5 there were 3 seed collection dates ranging from early winter to late winter (2nd 
July, 6th August and 6th September, 1993) and 2 nitrogen treatments (zero Nand 2.5 
mol m3- N as KN03). Seed was moistened with the appropriate N treatment and incubated. 
Germinated seeds were counted and removed every 3 days until 21 days had passed with no 
further germination. Seed from each collection date was sub-sampled for the analysis of 
reduced-N content and, endogenous seed N03- and NH/ content. Analysis of N content was 
carried out as outlined in Chapter 4. 
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3.3 RESULTS 
At zero N and zero chilling in experiment 1, only 6% of seed germinated. There was a 
significant interaction bet\ leen the influence of applied N03- or NH4';' and chilling on germination 
(Fig. 3.1). Without N, germination increased with increased chilling period to around 75% at 8 
weeks chilling and then changed little with additional chilling up to 12 weeks. In the absence of 
chilling, germination increased with increased applied N03- to around 50% at 2.5 mol m-3 and 
then changed little with additional applied N up to 50.0 mol m-3. At 4 weeks chilling, germination 
increased with increased applied N03- from around 32% at zero N to around 75% at 2.5 
mol m-3, and then changed little with additional N thereafter. Nitrate did not affect germination at 
8 or 12 weeks chilling where values were in the range 70% to 90% regardless of applied N level 
(Fig. 3.1a). In the concentration range 0.5 to 2.5 mol m-3 applied N, NH/ was similar to N03- in 
its effect on germination at all chilling periods. That is, increased applied NH4 + increased 
germination at zero and 4 weeks chilling, but not at 8 and 12 weeks chilling where germination 
was in the range 70% to 90%. However, at concentrations from 5.0 to 50.0 mol m-3 , NH/ in 
comparison to N03- was less effective at stimulating germination at 0 and 4 weeks chilling and 
slightly depressed total germination at 8 and 12 weeks chilling (Fig. 3.1 b). 
The rate of germination and seed imbibition were affected by N supply and chilling period 
regardless of N form (Fig. 3.1 b, c). There was no interaction effect of chilling and N supply on 
either the rate of germination or the extent of seed imbibition. The rate of germination and the 
extent of seed imbibition increased with increased chilling period at all applied N levels. At zero 
N, increased chilling duration decreased the time to 50% total germination (Tso%) from around 
16 days to around 5 days with increased chilling from zero to 8 weeks and then decreased T SO% 
to around 4 days with additional chilling up to 12 weeks. At zero N, increased chilling over the 
range 0 to 12 weeks increased seed imbibition from around 1.12 g g-1 to around 1.36 g g-1. In 
contrast to the influence of increased chilling duration, the rate of germination and extent of 
seed imbibition decreased with increased N03- and NH/ supply (Fig. 3.1 c). In general, at all 
chilling levels, Tso% remained unchanged with increased applied N03- in the range zero to 20.0 
mol m-3 and then increased slightly with additional applied N03- to 50.0 mol m-3 . In the N 
concentration range 0.5 to 2.5 mol m-3, NH/ was similar to N03- in its effect on Tso%, but at 20 
and 50 mol m-3, Tso% was greater with NH/ than N03-. In general, at all chilling levels, seed 
imbibition was not influenced by applied N03- in the range up to 5.0 mol m-3 but decreased by 
0.10 to 0.14 g g-1 with the addition of 20.0 or 50.0 mol m-3 N03-. In comparison, at all chilling 
levels, seed imbibition decreased with increased applied NH4 + over the entire concentration 
range used. Compared to zero N, imbibition at 50.0 mol m-3 applied NH4+ was reduced by 
between 0.12 and 0.19 g g-1. 
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Figure 3.1 Effect of different applied nitrate (i) and ammonium (ii) concentrations and, different 
chilling durations (0 (e ), 4 (-), 8 (A) and 12 (.) weeks) on total germination (A), 
rate of germination (T sOO;.) (8) and, imbibition (C) of C. vitalba seeds. Error bars are 
1 standard error of the mean (n=4). 
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The effect of chilling duration, applied nitrate and ammonium, and light on the 
total germination (%) of C. vitalba. Numbers in parentheses are 1 standard error 
of the mean. 
Dark Light 
0 2.5 2.5 0 2.5 2.5 
mol m-3 N mol m-3 N03- mol m-3 NH4+ mol m-3 N mol m-3 N03- mol m-3NH/ 
3 (1.5) 10 (1.2) 12 (0.8) 4 (1.8) 47 (1.3) 45 (1.3) 
16 (0.8) 26 (1.5) 25 (1.3) 35 (1.5) 75 (2.2) 77 (2.2) 
42 (1.4) 64 (2.0) 66 (1.5) 70 (1.0) 82 (1.8) 87 (1.6) 
64 (1.4) 80 (1.4) 85 (1.6) 82 (1.4) 85 (2.0) 83 (2.1) 
Effect of temperature regime and a range of salt forms and salt concentrations 
on imbibition after 9 days, imbibition just prior to germination and total 
germination of C. vitalba seed. Numbers in parentheses are 1 standard error of 
the mean (n=4). 
Imbibition 
(g H20 g-l seed fresh weight) 
Nions Total After 9 Just prior to Total 
ions days germination germination 
(mol m-3 ) (mol m-3) (%) 
distilled water 0 0 1.17 (0.01) 1.21 (0.01) 5 (1.3) 
2_5 mol m-' KN03 2.5 5.0 1.16(0.01) 1.23 (0.02) 50 (1.8) 
2_5 mol m-' NH4CI 2.5 5.0 1.07 (0.01) 1.15 (0.02) 52 (2.2) 
2_5 mol mOO KCI 0 5.0 1.06 (0.02) 1.14 (0.01) 7 (1.7) 
2_5 mol m-' KN03 
+2_5 mol m-3 KGI 2.5 10.0 0.96 (0.01) 1.10 (0.01) 48 (3.4) 
2_5 mol m-' NH4GI 
+2.5 mol m-3 KGI 2.5 10.0 0.92 (0.02) 1.08 (0.02) 49 (3.1) 
5_0 mol m-~ KGI 0 10.0 0.94 (0.01) 1.08 (0.01) 4 (1.4) 
distilled water 0 0 0.99 (0.02) 1.28 (0.01) 24 (1.4) 
2_5 mol m-' KN03 2.5 5.0 0.97 (0.01) 1.30 (0.01) 69 (1.3) 
2_5 mol m-~ NH4GI 2.5 5.0 0.95 (0.01) 1.24 (0.01) 71 (2.2) 
2_5 mol m-' KGI 0 5.0 0.94 (0.02) 1.25 (0.01) 22 (1.8) 
2_5 mol m-J KN03 
+2.5 mol m-3 KGI 2.5 10.0 0.88 (0.01) 1.17 (0.02) 68 (1.6) 
2_5 mol mOO NH4GI 
+2_5 mol m-3 KGI 2.5 10.0 0.86 (0.01) 1.15 (0.01) 66 (1.4) 
5_0 mol m-' KGI 0 10.0 0.87 (0.02) 1.13 (0.01) 20 (1.4) 
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In experiment 2, moist chilling (4, 8 and 12 weeks), additional N (2.5 mol m-3 N03- or NH/) and 
light influenced germination (Table. 3.1). In the presence of light, both chilling and N increased 
germination to a similar extent as that shown in experiment 1. Chilling and applied N also 
increased germination in the dark, but to a lesser extent than when applied in the presence of 
light. In the a .lsence of chilling, in the dark, addition of N03- or NH4 + increased germination from 
3% to around 10% while, with 4 weeks chilling, addition of N03- or NH4 + increased germination 
from 16% to around 25%. Light enhanced the effect of N03-, NH4 + and chilling, but did not 
increase germination when applied alone. 
In experiment 3, after 9 days treatment, imbibition at each N treatment was greater in seed at 
non-chilling temperature compared to seed at chilling temperature (Table 3.2). However, prior 
to the onset of germination the reverse was true and imbibition was less in seed that had been 
maintained at non-chilling temperatures compared to seed that had been transferred from 
chilling to non-chilling temperatures. As in experiments 1 and 2, germination independent of 
applied N level, was greater in seed that had undergone chilling compared to non-chilled seed. 
Furthermore, regardless of the total ion concentration, germination was greater in treatment 
solutions that contained N (either as N03- or NH/) compared to solutions that did not contain N 
(Table 3.2). In both chilling and non-chilling treatments, imbibition was reduced in seed where 
treatment solutions contained a total ion concentration of 10 mol m -3 compared to treatment 
solutions where the ion concentration was either 5.0 mol m-3 or zero (Table 3.2). 
In experiment 4, the ability of a range of nitrogen and non-nitrogen containing compounds to 
stimulate germination was examined. All N containing compounds used (N03-, N02- and NH4 + 
salts, CO(NH2)2 and CS(NH2h) stimulated germination, whereas all non-nitrogen containing 
salts with a similar range of non-nitrogen containing ions, did not stimulate germination (Table 
3.3). Nitrogen containing compounds applied at N concentration of 2.5 mol m-3 generally 
stimulated around 50% germination whereas those applied at N concentration of 5.0 mol m-3 
were slightly less effective, stimulating around 40% germination. For all non-nitrogen containing 
compounds, germination was similar to the control (deionised water) and was always less than 
10%. 
In experiment 5, total seed viability, germination at zero N and at 2.5 mol m-3 applied N03- and, 
the reduced N, N03- and, NH/ content of seed did not change with collection date (Table 3.4). 
For all seed collection dates, seed viability was high (77 to 81 %), total germination in the 
absence of applied N was low (2 to 6%) and stimulation of germination by 2.5 mol m-3 applied 
N03- was relatively consistent (44 to 56%). Reduced N content was in the range 2.8 to 3.0% 
while both N03- and NH/ content was negligible. 
Table 3.3 
Chemical 
Effect of a range of nitrogen and non-nitrogen containing chemicals on total 
germination of C. vitalba. Numbers in parentheses are 1 standard error of the 
mean (n=4). 
Nitrogen containing Non nitrogen containing 
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Chemical Nion Total Chemical Chemical Nion Total 
concentration concentration germination concentration concentration germination 
(molm-3) (molm-3) % (molm-3) (molm-3) % 
KNOa 2.5 2.5 56 (2.6) H2O 6 (0.8) 
NH4CI 2.5 2.5 48 (3.3) KCI 2.5 2.5 4 (1.8) 
NaN02 2.5 2.5 54 (2.8) NaCI 2.5 2.5 4 (0.8) 
NH4NOa 1.25 2.5 52 (1.4) K2S04 2.5 2.5 8 (1.8) 
2.5 5.0 38 (1.8) KCIOa 2.5 2.5 6 (2.0) 
(NH4h S04 1.25 2.5 51 (1.9) NaCIOa 2.5 2.5 4 (2.3) 
2.5 5.0 40 (1.2) Na2S04 1.25 1.25 8 (1.2) 
CO(NH2h 1.25 2.5 49 (2.6) 2.5 2.5 6 (2_0) 
2.5 5.0 38 (1.3) 
CS(NH2h 1.25 2.5 51 (1.3) 
2.5 5.0 39 (1.9) 
Table 3.4 Total germination with zero and with 2.5 mol m-a applied nitrate, seed lot viability 
and, total reduced-N, nitrate-N and ammonium-N content of C. vitalba seed 
collected from mid to late winter from naturally occurring plants, Peel Forest, 
Canterbury, New Zealand. Numbers in parentheses are 1 standard error of the 
mean (n=4). 
Seed harvest dates (1993) 
Applied N July August September 
Total germination % zero 4 (1.4) 2 (1.4) 6 (1.2) 
2_5 mol m-3 47 (1.0) 49 (1.0) 51 (1.5) 
Seed lot viability % 81 (2.8) 77 (2.1) 80 (2.5) 
Total reduced-N % (g N g- seed fresh wt_) 2.9 (0.02) 2.8 (0.03) 3.0 (0.06) 
Nitrate-N ~ol g- seed fresh wt_ NO* 0.6 (0.23) NO* 
Ammonium-N ~mol g-1 seed fresh wt_ 0.3 (0.18) 0.2 (0.12) NO* 
NO* = not detectable 
54 
3.4 DISCUSSION 
Seed dormancy is a common characteristic of many successful weed species. Seed dormancy 
can be reduced by a range of fac, Jrs. Some of these factors (eg. chilling, ni~rogen (N) and light) 
may have an important influence in the regulation of seed germination in the natural 
environment. In this chapter, the influence of chilling, N and light on seed dormancy and 
germination of C. vitalba is investigated. This section will discuss the influence of these 3 
factors firstly, at the physiological level and then, at the ecological level. In the first section 
(Physiological Implications), the influence and possible mode of action of each factor will be 
discussed and, a model proposed for the action of chilling, N and light in dormancy reduction in 
C. vitalba. In the second section (Ecological Implications) each factor will be discussed in 
relation to their potential influence on seed germination in the natural environment. This section 
will suggest that the interaction between the influence of chilling, N and light on C. vitalba seed 
dormancy and germination has important implications for the rapid establishment of C. vitalba 
in disturbed sites and therefore, the success of C. vitalba as an invasive weed species in forest 
remnant. 
3.4.1 PHYSIOLOGICAL IMPLICATIONS: 
Clematis vitalba seed collected from naturally occurring plants and used in this study had a high 
proportion of dormancy. Germination in the absence of dormancy alleviating factors was 
minimal, and often zero, even after 3 months under conditions that were suitable for the 
germination of non-dormant seeds. Moist chilling, applied nitrogen (KN03, NH4CI) and light all 
influenced seed germination (Table 3.1). When applied alone, both chilling and applied N could, 
to some extent, overcome dormancy whereas light could not. When chilling, N and light were 
applied in combinations of 2 or more factors, the reduction in dormancy was greater than when 
each factor was applied alone (Table 3.1). 
The ability of chilling to increase C. vitalba seed germination has been reported previously 
(Rudolf, 1974; Van Gardingen, 1986; West, 1992) and the influence of chilling in this study is 
generally consistent with those results. In comparison to chilling, previous reports on the 
influence of light on C. vitalba germination are less consistent (McClelland, 1979; Van 
Gardingen, 1986). The ability of light to stimulate germination only when combined with either 
chilling or N (Table 3.1) suggests that the inconsistency of previous reports on the influence of 
light on C. vitalba germination may be related to insufficient control of other factors during 
experimentation (eg. chilling and N). There are no previous reports specifically dealing with the 
influence of applied N on C. vitalba germination. However, the influence of N03' is consistent 
with a range of temperate woody species where germination is also influenced by chilling and 
light (Bewley and Black, 1985). 
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In comparison to N03', NH/ is often reported to be less effective at stimulating germination 
(Roberts and Smith, 1977). It has been suggested that dormancy reduction by N03- may result 
from N03- acting as an electron acceptor and therefore, the difference in effectiveness between 
N03- and NH/ is a consequence of their oxidation state (Hendricks and Taylorson, 1975; 
Roberts and Smith, 1977). This suggestion has come under some criticism (Bewley and Black, 
1982; Hilhorst and Karssen, 1989; Karssen and Hilhorst, 1992) and more recent results 
suggest that the influence of N form may be species dependent (Thanos and Rundel, 1995). In 
this study, the stimulation of C. vitalba germination occurs to a similar extent with either 
reduced or oxidised forms of N (N03- and NH/) and does not occur with a range of non-
nitrogen containing salts (Table 3.3). As such, these results support the suggestion that a 
reduction in dormancy is not dependent on the function of applied N as an electron acceptor 
(Hilhorst and Karssen, 1989). In addition, the inability of a range of non-nitrogen containing 
compounds to stimulate germination (Table 3.3) suggests that the influence of N containing 
compounds is not simply an ionic or osmotic effect, but is dependent on the presence of N. 
When N was applied in the presence of light, NH4 + was as effective as N03- at stimulating 
germination at low applied N levels (0.5 to 2.5 mol m-3) but less effective at high applied N 
levels (5.0 to 50 mol m-3) (Fig. 3.1). The reduction in germination in the presence of high levels 
of applied NH4 + not only occurred in the absence of chilling, but also occurred at chilling levels 
that, when applied alone, were capable of overcoming a greater proportion of seed dormancy 
(8-12 weeks chilling) (Table 3.3). This suggests that, rather than NH/ having a decreased 
ability to overcome dormancy compared to N03-, high NH/ concentrations had an inhibitory 
effect on germination. 
In addition to an increase in total germination in experiment 1, increased chilling duration and 
increased applied N also influenced seed imbibition and the rate of germination (Fig. 3.1). It has 
been reported for seeds of some plant species, that changes in water relations and in 
particular, changes in the balance between osmotic potential and pressure potential are 
important in the regulation of seed dormancy (Pons, 1986; Bewley and Black, 1982). In the 
present study, although increased chilling duration was associated with both a reduction in seed 
dormancy and an increase in seed imbibition, a reduction in seed dormancy also occurred with 
applied N, even though this was not associated with an increase in seed imbibition (Table 3.2). 
This does not completely discount a relationship between chilling duration, seed imbibition and 
a reduction in seed dormancy, but it does indicate that the increase in imbibition as a result of 
increased chilling is not an essential part of dormancy reduction in C. vitalba. 
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In addition to an increase in imbibition, increased chilling duration also increased the rate of 
germination (Fig 3.1 b). Chilling has been reported to increase the rate of germination in a range 
of species (Barnett, 1979; Gosling, 1988; Gosling and Rigg, 1990). In the present study and 
often in other studies, germination is defined as radicle emergence whereas, the actual 
physiological point of germination occurs earlier, at the onset of elongation of cells in the radicle 
(Bewley and Black, 1985). As radicle emergence is primarily due to cell elongation rather than 
cell division (Bewley and Black, 1985) any factor that influences the rate of cell elongation could 
be expected to influence radicle emergence and consequently, the apparent rate of 
germination. Cell elongation is influenced by cell wall extensibility (Schopfer and Plachy, 1985). 
It has been suggested that cell wall extensibility can be increased by the presence of GA 
(Karssen, 1995) and that GA can accumulate under chilling conditions (Taylor and Wareing, 
1979). Although the present study does not discount a true increase in the rate of germination 
with increased chilling (that is a more rapid onset of cell elongation), it is possible that the 
increased rate of germination in this study may be a consequence of an accumulation of GA 
during chilling leading to an increase in cell wall extensibility, an increase in the rate of cell 
expansion and ultimately, an increase in the rate of radicle emergence. 
In contrast to the influence of N on total germination, increased applied N only influenced 
imbibition and rate of germination at high applied N levels (Fig. 3.1 b,c). A similar decrease in 
the extent of imbibition when seed were imbibed in solutions with variable N concentration but 
equal total ion concentration (Table 3.2) suggests that, unlike a reduction in dormancy, a 
decrease in seed imbibition with applied N is not dependent on the presence of N, but instead is 
an osmotic effect. As radicle emergence is primarily a result of cell expansion rather than cell 
division (Bewley and Black, 1985), the decrease in the rate of germination (measured as radicle 
emergence) in experiment 1 (Fig. 3.1 b) is also likely to result from the increase in the osmotic 
potential at high levels of applied N. 
PROPOSED MODEL FOR THE REDUCTION OF DORMANCY BY CHILLING, NITROGEN 
AND LIGHT IN CLEMA TIS VITALBA: 
It is generally accepted that light influences germination through the action of phytochrome 
(Pons, 1992). The inability of light alone to stimulate germination in C. vitalba but, the enhanced 
effect of chilling and N in the presence of light (Table 3.1), suggests two things: Firstly, that 
either the presence of the active form of phytochrome (P'r) alone is not sufficient to overcome 
C. vitalba seed dormancy or, that P'r is not effective in the absence of chilling and/or Nand 
secondly, that there is a common link (involving P'r) between the action of chilling and applied 
N. The latter is consistent with a range of reports that suggest a close association between the 
action of P'r and nitrate (Henson, 1970; Hilton, 1984; Hilhorst et al., 1986; Hilhorst and Karssen, 
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1988; Hilhorst and Karssen, 1990) that extends to include the influence of chilling (Roberts and 
Benjamin, 1979; Bewley and Black, 1985; Hilhorst, 1990a, b) and, would suggest the 
involvement of one or more additional factors or processes in overcoming seed dormancy. 
Assuming then, that one or more additional factors (termed dormancy alleviating factor) exists 
and, that phytochrome is not active in the absence of light, then from the results of this study, 
two models integrating the influence of chilling, N and light on seed dormancy are proposed: 
• Model 1. That the presence of a "dormancy alleviating" factor is directly increased by chilling 
and N whereas, the action of Pfr is in enhancing the effectiveness of the dormancy alleviating 
factor. 
• Model 2. Similar to model 1 in that the presence of a "dormancy alleviating" factor is directly 
increased by chilling and N but that the ability of chilling and N to increase the "dormancy 
alleviating" factor is enhanced in the presence of Pfr. 
Hilhorst (1990a, b) recently proposed a model that integrated the influence of chilling, Pfr and 
N03- in dormancy reduction. In his model he also proposes the existence of an additional 
dormancy alleviating factor. He suggests this "factor" is a specific plasma membrane bound 
protein and that processes that lead to germination can occur when Pfr binds to this protein. He 
suggests that the binding of Pfr and the protein is enhanced by chilling (which exposes 
additional Pfr-binding sites on the membrane) and by N03- (which acts as a co-factor increasing 
the affinity of Pfr for the protein). For the Hilhorst model to fit the germination data of C. vita/ba, 
two assumptions would have to be made. These are; that Pfr is present in C. vita/ba seeds 
regardless of the light treatment and, that other N forms (specifically NH4 +) could also act as a 
co-factor, equivalent to N03-. In the present study, initial levels of Pfr are not determined 
however, it has been suggested that phytochrome levels can be arrested at photoequilibrium 
when seeds mature on the plant (Kendrick and Spruit, 1977; Pons, 1992). If this is true for C. 
vita/ba, then the ability of chilling and N to increase germination in the absence of light would 
not discount the Hilhorst model. However, it could be expected that the action of a co-factor 
would be dependent on very specific molecular characteristics. Consequently, it would seem 
unlikely that a co-factor model would accommodate the similar action of N03- and NH/. It would 
appear to be more reasonable for N to act via an intermediate and as such, would be more 
consistent with the models proposed for C. vita/ba. 
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3.4.2 ECOLOGICAL IMPLICATIONS: 
CHILLING: 
In temperate plants in general, a chilling requirement for germination is considered to be a 
mechanism for delaying seed germination until after winter, when condition.; are more 
favourable for plant establishment (Bewley and Black, 1985). The average monthly temperature 
profile for Peel Forest (Fig. 3.2) suggests that seed developed in late summer would be subject 
to around 8 weeks when the mean temperature was below 5°C. Under controlled environment 
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conditions, 8 weeks chilling at 5°C resulted in over 40% germination (Table 3.1). This level of 
germination, compared to around 10% and 3% germination that could be expected with N alone 
and light alone respectively, suggests that chilling is potentially the most important factor 
regulating C. vitalba germination in the field. 
SOIL NITROGEN: 
The ability of applied N to stimulate germination has been suggested to have an ecologically 
important role in increasing seed germination when and where soil fertility is increased. More 
specifically, it has been suggested that germination in response to N03· may have important 
ecological implications as a mechanism for the detection of vegetation gaps (Pons, 1989). 
Under controlled environment conditions, the major part of the N effect on overcoming seed 
dormancy occurred with increased concentration up to 2.5 mol m·3 N (Fig. 3.1). In Chapter 2 of 
this study, N03· levels in a New Zealand native forest remnant ranged from less than 0.1 
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mol m-3 in the soil solution of undisturbed soils in the presence of vegetation to 0_65 mol m-3 in 
the soil solution of recently disturbed soils in the absence of vegetation. The N03- concentration 
in recently disturbed soils (0.65 mol m-3; Chapter 2) is likely to stimulate less than 10% 
germination in the absence of chilling or light. However, this N03- level is likely to be much more 
effective when combined with light or some degree of chilling (Table 3.1). For example, if seed 
that had been subject to around 4 weeks of temperatures <5°C was then exposed to N03- at 
around 0.5 mol m-3 in the soil solution, then the proportion of seed capable of germination could 
be expected to increase from around 30% to over 60% (see Fig. 3.1). 
In the field, NH4 + levels were usually higher on a soil dry weight basis than N03- (see Chapter 
2). However, NH/ is often bound to soil particles and, compared to N03-, is less likely to be 
imbibed by seed. Consequently, it is difficult to interpret the potential influence of soil NH4 + on 
seed germination. However as NH/, like N03-, also stimulates germination of C. vitalba seed, 
NH4 + in the soil solution could be expected to increase rather than detract from dormancy 
reduction of C. vitalba seed by soil N. 
LIGHT: 
A light requirement for germination is generally considered to be a mechanism that prevents 
germination occurring at too great a depth in the soil (Grime et al., 1981; Pons, 1992). It has 
also been suggested that the stimulation of germination by light may have an important role in 
vegetation gap detection (Taylorson and Borthwick, 1969; Pons, 1984). This series of 
experiments does not allow for the elucidation of the light effect on C. vitalba germination to the 
extent where the ecological importance can be assigned to either avoidance of germination too 
deep in the soil or the detection of vegetation cover. However, the ability chilling alone to 
stimulate more than 40% germination and, even higher germination when combined with N 
(Table 3.1 and Fig. 3.1), indicates that the low light levels that occur in undisturbed forest 
(Chapter 2) are unlikely to prevent C. vitalba germination. Consequently, the influence of light 
on germination is unlikely to be an important factor limiting the establishment of C. vitalba in 
undisturbed forest. For C. vitalba under controlled environment conditions, light alone did not 
stimulate germination and the influence of light was dependent on the presence of chilling 
and/or N03- (Table 3.1). The dependence of a light effect on the presence of chilling and/or 
N03- would certainly signal more favourable conditions for growth than the stimulation of 
germination by light alone. The stimulation of germination by light alone may not avoid the 
germination of seed dispersed in autumn prior to the onset of winter (Van Tooren and Pons, 
1988) or avoid germination of seed dispersed in infertile areas where plant growth is likely to be 
limited. 
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THE INTERACTION OF CHILLING, NITROGEN AND LIGHT AND, THE GERMINA TION OF 
CLEMATIS VITALBA IN THE FIELD: 
Results from Chapter 2 of this study have shown that the establishment and spread of C. 
vitalba in a New Zealand native forest remnant is potentially limited by low levels of light and 
plant available N and that the establishment of C. vitalba tends to occur in recently disturbed 
areas where higher levels of light and plant available N can be expected. Plants that can rapidly 
establish when resource availability is high, may gain an advantage over plants that establish 
later when competition for resources has increased. The ability to establish rapidly in recently 
disturbed areas may be an important factor determining the success of C. vitalba as an invasive 
weed in New Zealand native forest remnants. 
This chapter has shown that chilling, N and light influence C. vitalba germination at levels that 
can be expected to occur in the natural environment. What follows is a model that integrates 
the influence of chilling, N and light on seed germination under natural conditions and, suggests 
that the interaction of these three factors effectively increases the potential for rapid C. vitalba 
establishment following disturbance and therefore could, to some extent, explain the 
effectiveness of C. vitalba as an invasive weed species: 
Clematis vitalba is a temperate deciduous species that produces seed in autumn through to 
early winter. For a deciduous species, seed germination just prior to the onset of winter is likely 
to be detrimental to plant survival. A seedling produced in autumn is unlikely to accumulate 
sufficient reserves to either survive the winter or produce new leaves the following spring. High 
levels of dormancy in C. vitalba seed and the limited ability of light and N to overcome seed 
dormancy in the absence of chilling (Table 3.1), can be expected to be an effective mechanism 
reducing C. vitalba germination prior to the onset of winter. Unlike chilling however, disturbance 
is often localised, sporadic and unpredictable. Consequently, It is unlikely that a chilling 
requirement alone will be an effective mechanism for increasing seed germination following 
disturbance. However, the present study has shown that seed, retained on the vine over winter 
remain viable but, do not germinate and are not subject to dormancy reduction over winter 
(Table 3.4). A large proportion of C. vitalba seed can remain on the vine, not only through 
winter, but often well into summer (Van Gardingen, 1986; and personal observation). The 
sporadic release of seed from vines would result in a constant supply of viable, but dormant 
seed, effectively producing a seed bank. Although the production of a seed bank is uncommon 
in temperate woody species, those that do produce seed banks are, like C. vitalba, relatively 
short lived early successional, light demanding species with effective seed dispersal 
(Thompson, 1992). The maintenance of a seed bank is also consistent with previous reports for 
C. vitalba (West, 1992). The persistence of a seed bank increases the probability that seed will 
be present when disturbance occurs. For C. vitalba, the degree of dormancy in the seed bank 
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will vary, both as a result of the inherent variation in the depth of C. vitalba seed dormancy 
(indicated by the gradual reduction in seed dormancy with chilling and/or applied N (Fig. 3.1)) 
and also, depending on the time when seed were removed from the vine and subject to the 
potential for dormancy reduction by chilling. Some chilling increases the likelihood that C. 
vitalba seed will germinate in response to light and N (Fig. 3.1 and Table 3.1). In the event of 
disturbance, seeds are increasingly likely to be exposed to light and increased plant available N 
at levels that are sufficient to reduce dormancy and this exposure will be particularly effective 
on seed that have been subject to some chilling. In this scenario, seed is not only likely to be 
present if disturbance occurs, but is also more likely to germinate when subject to increased 
levels of light and N. The potential for rapid establishment following disturbance is likely to be 
an important factor increasing the growth potential of C. vitalba and hence its success as an 
invasive weed species. 
3.4.3 SUMMARY AND CONCLUSIONS: 
Seed of C. vitalba has previously been reported to display embryo dormancy and in this 
chapter, a high degree of seed dormancy is confirmed. It is shown that moist chilling, applied N 
(as N03· or NH/) and light can potentially reduce C. vitalba seed dormancy but, in contrast to 
chilling and applied N, light is only effective when applied in combination with one or both other 
factors. The influence of chilling, N and light on the dormancy and germination of C. vitalba is 
discussed and a model is proposed for the action of chilling, N and light in dormancy reduction. 
It is shown that the levels of chilling, N and light required to influence C. vitalba seed 
germination are likely to occur in the natural environment and therefore likely to play an 
important role in the regulation of C. vitalba germination. It is suggested that chilling is likely to 
be the primary factor determining C. vitalba germination in the natural environment and argued 
that although this is likely to influence the seasonal timing of germination, chilling is unlikely to 
account for the distribution pattern of C. vitalba in the field; particularly with respect to the 
limited establishment of C. vitalba in undisturbed forest. It is however, shown that chilling does 
not influence the dormancy of C. vitalba seed that remain attached to the plant. It is argued that 
the inability of chilling to reduce the dormancy of seed retained on the vine, combined with the 
sporadic release of seed from C. vitalba, leads to the production of a seed bank and, it is the 
influence of light and N on the dormancy of this seed bank that may be an important factor in 
the ability of C. vitalba to establish in forest gaps and margins. It is proposed that the elevated 
light and N levels that can be expected following disturbance, are likely to be sufficient to 
overcome seed dormancy. Rapid germination of C. vitalba following disturbance will increase 
the likelihood that seedlings will establish in an environment where plant growth is less limited 
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by resource availability and therefore increase the likelihood that C. vitalba will establish 
successfully and at the expense of other species. It is concluded that the potential for 
environmental factors to regulate germination of C. vitalba seed is an important factor in the 
successful establishment of C. vitalba in disturbed sites and therefore an important factor in the 
success of C. vitalba as an invasive weed in forest remnants. 
CHAPTER 4 
EFFECTS OF NITROGEN ON THE 
GROWTH AND NITROGEN 
ASSIMILATION OF 
CLEMA TIS VITALBA 
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4.1 INTRODUCTION 
In most soils, low nitrogen (N) availability is the major nutrient factor limiting plant growth (Lee 
et al., 1983). Consequently, the ability to survive under N limitation and the capacity to respond 
to increased N level are important factors determining successful plant establishment, plant 
growth and, the pattern of plant distribution in the natural environment. In Chapter 2 of this 
study, it was shown that C. vitalba tends to establish in recently disturbed soils. In these areas, 
soil N levels can be expected to be elevated. It was also shown that under natural, high light 
environments, the growth of C. vitalba increased with additional applied N. The overall aim of 
this chapter is to investigate the response of C. vitalba to applied N and, to determine if the 
response to N can, to some extent, explain the pattern of C. vitalba distribution in the field. This 
section will outline important factors regulating N availability in the natural environment, review 
current literature on N assimilation in higher plants and discuss factors specific to N nutrition in 
deciduous plants. Finally, this section will state the specific objectives of this chapter. 
4.1.1 NITROGEN AVAILABILITY AND ASSIMILATION IN 
HIGHER PLANTS: 
Usually, most N in soils is bound to organic matter and not directly available for uptake and 
assimilation by plants (Haynes, 1986). It is generally considered that the majority of N taken up 
by plants is in the mineral forms of nitrate (N03·) and ammonium (NH4 +). The concentration of 
N03· in the soil solution is normally low and usually less than 1.0 mol m·3. Higher N03· 
concentrations in the range up to 20.0 mol m·3 can occur in agricultural soils following fertiliser 
applications or in natural soils following disturbance (Novoa and Loomis, 1981; Young and 
Aldag, 1982; Haynes, 1986; Mengel and Kirkby, 1987; also see Chapter 2). An increase in soil 
N03· concentration following disturbance usually results from an increase in the rate of soil 
organic matter mineralisation, resulting in the release of NH/. In some soils, conditions such as 
low pH, low temperature and reduced oxygen availability can reduce nitrification and result in a 
build up of NH/. However, in most soils nitrification is not limited and NH/ is rapidly oxidised 
via nitrite (N02·) to N03· (Vitousek et al., 1979). This nitrification is largely achieved through the 
action of nitrifying bacteria and in particular Nitrosolobus species (Mengel and Kirkby, 1987). 
Compared to N03-, NH/ ions are generally tightly bound ',2 soil organic matter and clay 
colloids. As a result, NH4 + is usually present in much lower concentrations in the soil solution 
and hence not available for uptake by plants (Novoa and Loomis, 1981, Haynes, 1986). 
Consequently, in most natural environments, it is generally considered that N03- rather than 
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NH4 + is the most important N-form uptake up and utilised by plants (Stewart and Orebamjo, 
1983; Lee, et al., 1986). 
Ammonium, when taken up by plants, can enter into amino acid synthesis directly. Nitrate on 
the other hand, must first be reduced to NH/. In plants, N03· is reduced to N02" by the enzyme 
nitrate reductase (NR). This N02" is then reduced to NH4 + by the enzyme nitrite reductase (NiR). 
The reduction of N02" to NH/ is rapid, and free N02", which is highly toxic in plant tissue, is 
seldom detected in healthy plant tissue. Ammonium, either from the reduction of N03" or directly 
taken up from the soil, is then available for the production of the amino acid glutamate. 
Ammonium assimilation involves the coupled reactions of two enzymes: glutamine synthetase 
(G8) and glutamine(amide):2-oxoglutarate amino transferase (commonly known as glutamate 
synthase or GOGAT). Glutamine synthetase (GS) is involved in the reaction of NH/ with 
glutamate to produce glutamine. Glutamate synthase (GOGAT) is then involved in the reaction 
of glutamine with a-ketoglutarate to produce two glutamate molecules. One glutamate is 
recycled in NH4 + assimilation and the second is available for synthesis of other amino acids 
(Goodwin and Mercer, 1983). 
For higher plants, the enzymes required for N03" reduction and the assimilation of NH4 + can be 
found in roots, stems and leaves (Oaks and Hirel, 1985). When taken up from the soil, N03" 
can either be reduced in the root or, transferred through the xylem and reduced in the shoot 
(Oaks, 1992). On the other hand, NH/, taken up from the soil, is almost always processed in 
the root. It is generally considered that NH4 + assimilation in the shoot is restricted to re-
assimilation of N resulting from internal plant metabolism and that, assimilation in the shoot of 
soil-derived NH4 + can create problems associated with the disposal of excess H+ ions produced 
(Raven, 1985, 1986) and this may be associated with a raft of physiological disorders (Mehrer 
and Mohr, 1989). 
Comparing N03" and NH/ nutrition energetically, it is considered that root assimilation of NH/ 
is the most inexpensive means of obtaining N. While for N03", assimilation in the root is 
considered to be more expensive than assimilation in the shoot (particularly the leaves). In the 
root, both the reduction of N03" and N02" occur in the cytosol and utilise NADH or NADPH as a 
reductant. In the shoot, N03" reduction occurs in the cytosol, but N02" reduction occurs in the 
chloroplast and can utilise reduced ferredoxin (derived from the light reaction of photosynthesis) 
as a reductant, rather than the more expensive NADH or NADPH (Raven, 1985). It has been 
suggested that differences in the energy cost of N assimilation, depending on N form and site 
of assimilation (root or shoot), may be an important factor in evolutionary differences in 
preferred N forms and the site of assimilation between plant species (Raven, 1985; Andrews, 
1986). Raven (1985) suggested that the low photon cost of root assimilation of NH4 + may 
benefit plants, particularly when maintenance respiration costs were high and/or light levels 
were low. Whereas, assimilation of N03- in the leaves may benefit plants growing in high light 
environments and where water is limiting. 
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Andrews (1986), suggested the following generalisations regarding the site of N03- assimilation 
in perennial species: 
1. Temperate species growing in low N03- concentrations (around 1.0 mol m-3) carry out 
the majority of their N03- assimilation in the root. As external nitrate concentration 
increases in the range 1.0 to 20.0 mol m-3 , the relative importance of nitrate assimilation 
in the shoot increases. 
2. Tropical and subtropical species carry out a large proportion of their N03- assimilation in 
the shoot. The partitioning of N03- assimilation between the shoot and the root does not 
change with a change in external N03- concentration. 
4.1.2 NITROGEN NUTRITION OF DECIDUOUS PERENNIALS: 
It is generally considered that the shorter and seasonal leaf life span of deciduous plant species 
evolved as a means of avoiding water stress (Axelrod, 1966; Kozlowski, 1991; Chabot and 
Hicks, 1982). In contemporary flora however, the ecological benefits of a deciduous habit and 
the environmental factors that influence the onset of leaf fall are not restricted to water relations 
alone and can include, for example, temperature, light and, nutrition (Chabot and Hicks, 1982). 
Regardless of the ecological significance and environmental triggers associated with 
deciduousness, it appears that; leaf senescence is highly correlated with the removal of N from 
the leaf (Makino et al., 1984); the efficiency of N translocation and leaf longevity are important 
determinants of nitrogen use efficiency (NUE) (Chapin and Kedrowski, 1983; Aerts, 1995) and; 
NUE is an important factor determining the competitiveness of plants in nutritionally distinct 
sites (Runge, 1983; Pell and Dann, 1991; Aerts, 1995). 
Compared to deciduous trees, evergreen trees lose less N through litterfall and have an 
increased leaf longevity. It has been suggested that these two characteristics contribute to an 
increased NUE in evergreen compared to deciduous species and hence an increased 
competitiveness in low fertility sites (Chabot and Hicks, 1982; Boener, 1984; Aerts, 1995). 
Differences in NUE between evergreen and deciduous species have been successfully used to 
explain the predominance of evergreen species in low nutrient environments (Chabot and 
Hicks, 1982; Aerts, 1995 and references therein). It has also been suggested that the ability of 
an individual plant to alter NUE may be an important factor determining the ability of some 
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species to grow in a range of nutritionally distinct environments (Boerner, 1984). For example, 
several studies suggest that forest stands on low fertility soils exhibit a higher NUE which is 
achieved through the retranslocating of a greater proportion of leaf N prior to senescence 
(Miller et al., 1976; Vitousek, 1982; Boerner, 1984). However, there are also studies that 
suggest this is not the case, or even, that the opposite is true (Chapin and Kedrowski, 1983). 
4.1.3 OBJECTIVES: 
Chapter 2 of this study has shown that C. vitalba tends to establish in disturbed sites and, 
under natural conditions, can increase growth in response to additional N. Chapter 3 of this 
study suggests that the germination of C. vitalba may, to some extent, be regulated by soil N 
levels. These characteristics suggest that N availability is an important factor in the 
establishment and growth of C. vitalba under natural conditions. In higher plants in general, the 
ability to respond to additional N and the ability to survive under N limitation are important 
characteristics determining species distribution and growth potential. The objectives of this 
chapter were: 
• To quantify the response of C. vitalba to N availability. 
• To compare the growth response and the potential for N assimilation of C. vitalba to barley, 
an intensively studied species considered to be typical of species with a large capacity for N 
assimilation. 
• To determine if the response of C. vitalba to N can, to some extent, be related to the 
distribution pattern of C. vitalba in the field. 
• To investigate the influence of N nutrition on C. vitalba deciduousness and suggest whether 
the deciduous habit of C. vitalba is an important determinant of distribution. 
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4.2 MATERIALS AND METHODS 
For all experiments in this chapter, seed germination and initial seedling growth occurred in 
peat with no added nutrients. Seedlings of C. vitalba were grown from seed collected from 
naturally occurring plants at the Peel Forest field site (see Chapter 2) and seed dormancy was 
reduced by 4 weeks moist chilling. With the exception of the chilling treatment, seedlings of 
barley (Hordeum vulgare L. cv. Triumph) used in experiment 2 were treated the same as 
C. vitalba seedlings. In all experiments except experiment 3, seedlings were transplanted into 
180 mm diameter by 200 mm tall pots (1 plant per pot) containing a vermiculite/perlite/sand 
(5:5:1 v/v/v) mixture soaked with basal nutrient solution (Appendix 4) and then subjected to 
experimental conditions. In experiment 3, seedlings were transplanted into 7.2 litre volume 
polythene planter bags containing a coarse pine bark/peat/sand (5:5:1 v/v/v) mixture. In all 
experiments N supply was varied by the addition of either KN03 or (NH4hS04 to a basal 
nutrient solution (Appendix 4). In all nutrient solutions K+ ion concentration was maintained at 
20.0 mol m-3 by the addition of K2S04. All pots were flushed with appropriate nutrient solution 2 
to 3 times weekly, with the exception of experiment 3 where over the winter months, pots were 
flushed with nutrient solution once a week. All experiments were completely randomised 
factorial designs. All treatments were replicated 4 times with the exception of treatments in 
experiment 4 which were replicated 6 times. In experiment 2, barley plants were used as a 
control in order to allow confident comparison of results with the abundant literature available 
for agricultural species. Analysis of results was carried out using analysis of variance. All 
significant differences discussed have a probability (P) value of less than 5%. 
In experiment 1, there were 7 applied N concentrations (0.1, 0.5, 1.0, 2.5, 5.0, 10.0 and 20.0 
mol m-3 N) supplied as either KN03 or (NH4hS04. Plants were grown in a glasshouse under 
natural spring/early summer light conditions for 12 weeks from transplanting. Temperature was 
in the range 15°C to 30°C, but seldom rose above 25°C. At the end of the experiment, plants 
were removed from pots and separated into leaf, stem and root material. Roots were rinsed 
under running water to remove rooting media, and patted dry between paper towels. The fresh 
weight of individual plant parts was measured and plant parts were then dried at 67°C for 72 
hours and reweighed to determine dry weight. 
In experiment 2, there were 5 applied N concentrations (0.1, 0.5, 1.0,2.5, and 5.0 mol m-3 N) 
applied as either KN03 or (NH4)2S04 to either C. vitalba or barley plants. Plants were grown 
under similar conditions to experiment 1, with the exception that experiment 2 was carried out in 
mid to late summer and C. vitalba plants were grown for 12 weeks and barley plants for 6 
weeks from transplanting to harvest. At the end of the experiment, all plants were separated 
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into plant parts as in experiment 1. Clematis vitalba plants were separated into leaf, stem and 
root material and barley plants separated in to leaf (leaf and pseudo-stem) and root material. A 
sub-sample of a known weight (around 0.5 g fresh weight) was taken from each plant part and 
immediately used for the determination of nitrate reductase activity. The remaining plant 
material was weighed to determine fresh weight and then dried at 67 DC for 72 hours and re-
weighed to determine dry weight. After drying, individual plant parts were ground and sub-
samples taken for the determination of tissue N03·, NH/, and reduced-N concentration. 
In experiment 3, there were 5 applied N03- concentrations (0.1, 0.5, 1.0, 2.5, 5.0 and 10.0 mol 
m-3 N) and 5 applied NH/ concentrations (0.1,0.5, 1.0,2.5 and 5.0 mol m-3 N). Plants were 
grown outside under natural conditions for a total of 26 months. Leaf counts were taken in late 
summer/autumn when plant growth had obviously slowed (around mid March) and continued at 
two-weekly intervals until all leaves had senesced. The date of spring bud burst was recorded 
as the date when at least 50% of plant at each treatment had buds that were open and 
producing distinct leaves. 
In experiment 4, there were 3 applied N concentrations (0.5, 2.5 and 5.0 mol m-3 N) applied as 
KN03 and 10 harvest dates from the 15th of February until the 30th of June 1994. All plants 
were grown outside under natural conditions similar to those in experiment 3. Plants were 
grown for 10 weeks prior to the first harvest. Harvests occurred at 2 weekly intervals that were 
synchronised with leaf counting dates in experiment 3. At each harvest, plants were separated 
into leaf, stem or root material and treated as in experiment 1. That is, rooting medium was 
washed from roots, before fresh weight and subsequent dry weight of samples was determined. 
Dried plant parts were then individually ground and sub-samples taken for the determination of 
reduced-N concentration. 
DETERMINA TION OF TISSUE NITRA TE CONCENTRA TION: 
Nitrate determination was carried out using a Cadmium (Cd) reduction method modified from 
MacKereth et al. (1978). The Cd metal was generated by placing zinc rods in a solution of 
20% w/v CdS04 • After standing overnight, the resulting Cd metal was scraped off the rods and 
divided into small pieces using a spatula. The resulting Cd was washed in a 3% v/v HCI solution 
and then rinsed several times with deionised water. For the determination of tissue N03-, a 
known weight (around 0.05g) of dried, ground plant material was placed in a 20 ml vial 
containing 10 ml of distilled water. The vial was stoppered and Llen shaken on an orbital shaker 
for 3 to 4 hours to bring N03- into solution. A 0.2 ml aliquot of the aqueous plant extract was 
added to a vial containing 1.0 ml of 2.1 % w/v sodium tetraborate, 3.0 ml of 2.6% w/v NH4CI 
solution and 0.8-0.9 g freshly prepared spongy Cd. The vial was stoppered and shaken for 1 
hour. A 2.0 ml sample of the liquid contents of the vial was then transferred to a test tube 
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containing 4.5 ml water and 0.5 ml of sulphanilamide (1 % w/v solution in 10% v/v HCI). The 
contents of the test tube were then mixed and left to stand for 5 minutes before 0.5 ml of 
N-1-naphthylethylenediamine dihydrochloride (0.1 % w/v) was added and the contents mixed. 
The absorbance of the final solution at 543 nm was measured spectrophotometrically. The 
concentration of N03- in the plant tissue was then determined by comparing the absorbance of 
the sample solution to a standard curve prepared by Cd reduction of solutions containing known 
concentrations of KN03 (Appendix 6). 
DETERMINATION OF TISSUE AMMONIUM CONCENTRA TlON: 
Ammonium was determined by adapting the method of Baethgen and Alley (1989). Ammonium 
was extracted from plant material as for N03-. To a 1.0 ml aliquot of aqueous plant extract in a 
test tube, 5 ml of a solution containing 2.68% w/v sodium di-hydrogen phosphate, 5% w/v 
sodium-potassium tartrate and 5.4% w/v sodium hydroxide was added and the contents mixed. 
To this, 4.0 ml of a solution containing 15% w/v sodium salicylate and 0.03% w/v sodium 
nitroprusside was added and the contents mixed again. Finally, 2.0 ml of 0.32% v/v sodium 
hypochlorite was added and the contents mixed once more. The final solution was allowed to 
stand for 30 minutes at 25 DC before the absorbance at 650 nm was determined 
spectrophotometrically. The concentration of NH4 + in the plant tissue was then calculated by 
comparing the absorbance of samples to the absorbance of standards prepared from solutions 
containing a known concentration of NH/. A representative standard curve is shown in 
Appendix 7. 
DETERMINA TlON OF TISSUE REDUCED-N CONCENTRATION: 
Reduced N content of plant samples was determined by H2S04 digestion of samples at 400DC 
using K2S04:Se (999:1 w/w) as a catalyst. A known dry weight (around 0.7 g) of plant material 
was added to a digestion tube containing 20 ml of concentrated H2S04 and around 5 g of 
catalyst. Samples were digested for around 1 hour, or until the digestion fluid was clear. 
Nitrogen content of digested samples was then determined by steam distillation of NH3 
following the addition of NaOH using a Europa Scientific N analyser. N content determined by 
this method does not include N03-, but does include tissue NH/. The accuracy of reduced N 
determinations was verified by digesting known weights of tyrosine amino acid standards. 
DETERMINATION OF NITRATE REDUCTASE ACTIVITY: 
Nitrate reductase activity was determined using an in vivo assay (Andrews et al., 1992). A 
known weight (around 0.5 g fresh weight) of appropriate plant part was vacuum infiltrated for 
10 minutes with 10 ml of a 100 mol m-3 sodium phosphate buffer (pH 7.6) containing 50 mol m-3 
KN03 and propan-1-01 at concentrations optimised for species and plant part (Appendix 9). 
Buffer solutions contained 1 % (v/v) propan-1-01 for C. vitalba leaf and stem material and 
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2% (v/v) propan-1-01 for roots. Buffer solutions for all barley plant parts contained 3% (v/v) 
propan-1-01. After vacuum infiltration, a 1.0 ml sample was removed as a time zero sample. 
Buffer solutions containing plant material were then incubated in a shaking water bath, in the 
dark at 30°C for 10 minutes. A final 1.0 ml sample was then taken. The N02- content of both 
the time zero and final sample was determined as described in the assay for the determination 
of tissue N03-. The difference between the concentration of N02- in the time zero sample and 
the final sample was taken as nitrate reductase activity (NRA) and is expressed as 
IJmol N02- g-1 dry weight h(1. 
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4.3 RESULTS 
In N03--supplied C. vita/ba in experiment 1, total plant dry weight increased around 10 fold to a 
maximum of 4.8 g with increased applied N in the range 0.1 to 5.0 mol m-3 and then decreased 
slightly with additional applied N03- up to 20.0 mol m -3 (Fig 4.1). For C. vita/ba supplied NH4 + in 
the range 0.1 to 2.5 mol m-3, total plant dry weight increased to a similar extent as C. vita/ba 
supplied N03- over a similar concentration range (Fig. 4.1). However in NH4 + -supplied C. 
vita/ba, total plant dry weight decreased with additional applied NH/ up to 5.0 mol m-3 and at 
10.0 and 20.0 mol m-3 applied NH/, plants did not survive. 
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The effect of different applied nitrate (.) and ammonium (. ) concentrations on 
the total dry weight of C. vita/ba. Error bars are 1 standard error of the mean 
(n=4). 
In experiment 2, the influence of increased applied N03- and NH4 + in the range 0.1 to 
5.0 mol m-3 applied N on total plant dry weight was similar to the results in experiment 1 
(Fig. 4.2). The influence of applied N concentration on dry matter partitioning between plant 
parts was similar for both N03-- and NH/ -supplied C. vita/ba (Fig 4.3). In general, dry matter 
partitioning to the leaves increased and dry matter partitioning to the roots decreased with 
increased applied N in the range 0.1 to 2.5 mol m-3 and changed little with additional applied N 
up to 5.0 mol m-3. Dry matter partitioning to the stem was independent of applied N level. 
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The effect of different applied nitrate (.,0) and ammonium (. ,0 ) 
concentrations on the total dry weight of C. vitalba (filled symbols) and barley 
(unfilled symbols). Error bars are 1 standard error of the mean (n=4). 
For barley in experiment 2 (grown under similar experimental conditions to C. vitalba , but for a 
shorter period), the difference in dry matter accumulation between N03-- and NH4 + -supplied 
plants was less marked compared to C. vitalba (Fig. 4.2). For N03--supplied barley, total dry 
weight increased around 6 fold with increased applied N in the range 0.1 to 1.0 mol m-3 and 
then increased slightly with additional applied N up to 5.0 mol m-3• For NH/-supplied barley, 
total dry weight increased with increased applied N in the range 0.1 to 1.0 mol m-3 and then 
remained relatively unchanged with additional applied N up to 5.0 mol m·3 (Fig. 4.2). For barley, 
dry matter partitioning to the leaves increased and dry matter partitioning to the root decreased 
with increased applied N. The influence of NH4 + on the S:R ratio was greater than the influence 
of N03- (Fig. 4.3). 
In general, in leaf and root tissue, increased applied N03- concentration increased nitrate 
reductase activity (NRA) on a dry weight basis to a similar extent in both C. vitalba and barley. 
Whereas, in stem tissLoe, increased applied N03- did not influen.:.~ NRA in C. vitalba (Fig. 4.4a). 
In comparison, increaseJ applied NH/ concentration increased NRA in all plant parts (leaf, root 
and stem) of C. vitalba, but did not influence NRA in either leaf or root tissue of barley (Fig 
4.4a). For NH/-supplied C. vitalba, NRA was often as high (root tissue), and more often higher 
(leaf and stem tissue) than N03--supplied C. vitalba or barley. Maximum NRA (44 I-lmol N02- g-1 
dry weight h(1) for all treatments occurred in leaves of C. vitalba supplied 5.0 mol m-3 NH/. 
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This activity was over 3 times the maximum NRA that occurred in either N03- -supplied C. 
vitalba or in N03-- or NH/-supplied barley. Low levels of NRA «4IJmol N02- g-1 dry weight h(1) 
occurred in the stem of N03--supplied C. vitalba and in the leaves of NH/ -supplied barley and 
regardless of applied N concentration. 
Figure 4.3 
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The effect of different applied nitrate and ammonium concentrations on the 
partitioning of total plant dry matter between plant parts in C. vitalba and barley. 
Total NRA was calculated as NRA on a dry weight basis multiplied by tissue dry weight. 
The partitioning of total NRA (IJmol N02- h(1) between leaf, stem and root tissue of both C. 
vitalba and barley was influenced by applied N concentration (Fig 4.5). In general, the 
proportion of total NRA in the leaf increased and the proportion of total NRA in the root 
decreased with increased applied N concentration in the range 0.1 to 5.0 mol m-3 . In C. vitalba, 
at least 60 % of total NRA occurred in the leaf, regardless of applied N level or N form. In 
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N03--supplied barley, root NRA dominated total NRA at N levels up to 1.0 mol m-3 and leaf NRA 
dominated total NRA at 2.5 and 5.0 mol m-3 applied N03-. In NH/ supplied barley, root NRA 
dominated total NRA up to 2.5 mol m-3 but not at 5.0 mol m-3 applied NH4 T. 
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For N03--supplied C. vitalba and barley, the influence of increased applied N on tissue N03-
concentration on a dry weight basis (~mols N03- g-l dry weight) was similar for all plant parts 
(Fig 4.4b). In general, tissue N03- concentrations were low «15 ~mols N03- g-l dry weight) with 
applied N levels of 0.1 and 0.5 mol m-3 and increased up to between 300 and 420 I-lmols 
N03- g-l dry weight with increased applied N up to 5.0 mol m-
3
. In NH/-supplied C. vitalba and 
barley, tissue N03- concentration was consistently low «5 ~mols N03- g-l dry weight) 
regardless of applied N level. 
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With the exception of NH/ concentration in the roots of NH/-supplied C. vitalba and barley, 
increased applied N (as either N03- or NH/) did not significantly influence tissue NH/ 
concentrations (Fig 4.4c). However, regardless of N form, tissue NH4 + concentration tended to 
be higher in plants supplied with high N levels compared to low N levels. In the roots of 
NH4 + -supplied C. vitalba and barley, tissue NH4 + increased from <5 IJmol NH4 + g-1 dry weight at 
0.1 mol m-3 applied N to, 80 and 105 IJmol NH/ g-1 dry weight at 5.0 mol m-3 applied N for 
C. vitalba and barley respectively. 
In general, for both C. vitalba and barley, increased applied N either as N03- or NH/, increased 
reduced-N concentration in all plant parts (Fig. 4.4d). With the exception of barley roots, 
increased applied NH4 + increased reduced-N content to a greater extent than similar levels of 
increased applied N03-. For both C. vitalba and barley, the lowest reduced-N concentration for 
all plant parts (1.0-1.7 IJmols N03- g-1 dry weight) occurred in plants supplied 0.1 mol m-3 N. For 
both C. vitalba and barley respectively, maximum reduced-N levels of 3.2% and 5.2% occurred 
in leaves when plants were supplied 5.0 mol m-3 NH/. 
In experiment 3, autumn leaf loss in C. vitalba was delayed in plants supplied high N levels (2.5 
to 10.0 mol m -3 N) compared to low N levels (0.1 to 1.0 mol m -\ The delay in leaf loss was 
independent of N form (Fig. 4.6). Compared to plants supplied low N levels (0.1 to 1.0 mol m-\ 
the onset of leaf loss, the date when plants had lost 50% of leaves and the date when all leaves 
had been lost (100% leaf loss) were all delayed by around 10 days in plants supplied 2.5 
mol m-3 N and by around 28 days in plants supplied 5.0 or 10.0 mol m-3 N (Fig. 4.6). Spring bud 
burst and the subsequent onset of leaf expansion was also influenced by applied N level. 
Regardless of N form, plants supplied 5.0 and 10.0 mol m-3 N produced green leaves at around 
the 4th of August. This was approximately 5 weeks before the first leaf production in plants 
supplied 1.0 and 2.5 mol m-3 N and around 8 weeks before the first leaf production in plants 
supplied 0.1 and 0.5 mol m-3 N. It was also noted that at the time when those plants supplied 
low N (0.1 and 0.5 mol m-3 N) had started to produce new season leaves, plants supplied higher 
N levels and particularly, plants supplied 5.0 and 10.0 mol m-3 N, already had a substantial 
number of fully expanded leaves. 
In experiment 4, which was run concurrently with experiment 3, leaf dry weight decreased to 
zero in all plants over the duration of the experiment (Fig. 4.7). This loss in dry weight was 
closely associated with the decline in leaf number observed in experiment 3 (Fig. 4.6). In 
contrast to leaf dry weight, stem and root dry weight did not significantly change over the 
duration of the experiment (Fig. 4.7). Over the duration of experiment 4, the N content (N%) of 
green leaves remaining on the plant declined regardless of applied N level (Fig 4.7). However, 
the decline in N% of leaves was not directly associated with the onset of leaf loss (decline in 
Figure 4.6 
(A) 
N03- supplied C. vitalba 
120 
Q; 
.0 
E 
'" 
100 
c: 
<ii 80 .S! 
E 
'" E 60 
·x 
ns 
E 
'0 40 
~ 
c: 20 .Q 
C 
Q) 
~ 0 
<ii 
Q) 
....J 
3/15 3/30 4/15 4/29 5/14 5/29 6/15 6/30 -+- 0.1 molm -3 
........ 0.5molm -3 Date (month/day) 
~ 1.0molm -3 
-+- 2.5molm -3 
(8) 
-+- 5.0molm -3 
NH4 + supplied C. vitalba ~ 10.0molm -3 
Q; 120 
.0 
E 100 
'" c: 
<ii 
.S! 80 E 
'" E
·x 60 ns 
E 
'0 40 ~ ~ 
c: Q 20 c 
Q) 
~ 
<ii 0 
Q) 
....J 
3/15 3/30 4/15 4/29 5/14 5/29 6/15 6/30 
Date (month/day) 
The effect of different applied nitrate (A) and ammonium (8) concentrations on 
leaf retention of C. vitalba from early autumn (15th March) to mid winter (30th 
June). Error bars are 1 standard error of the mean (n=4). 
79 
leaf dry weight). For example, in C. vitalba supplied with 5.0 mol m-3 N, the N% of leaves 
declined steadily from 2.1 % to 1.4% from the 15th of March to the 29th of April, whereas there 
was no significant decline in leaf dry weight (and leaf loss had not occurred in experiment 3). 
Over the duration of experiment 4, regardless of applied N level, the decline in both leaf N% 
and leaf dry weight was associated with an increase in the N% of roots, whel 3as N% in the 
stem remained relatively unaffected (Fig. 4.7). For plants supplied with 0.5, 2.5 and 5.0 
mol m-3 N respectively, the increase in the N content of roots (g) from the first to the final 
harvest was equivalent to around 49%, 64% and 63% of the N present in leaves at the first 
harvest. As a result of leaf loss, total plant dry weight decreased by around 34%,39% and 65% 
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for plants supplied 0.5, 2.5 and 5.0 mol m-3 N respectively. In comparison, total plant N content 
(9) declined by between 15% and 20% for all applied N levels. For plants supplied 0.5, 2.5 and 
5.0 mol m-3 , the N content of dead leaves collected from under plants at the end of the 
experiment 4 was 0.46%,0.57% and 0.69% respectively. 
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4.4 DISCUSSION 
Nitrogen (N) is often the major soil nutrient factor limiting plant growth in natural ecosystems 
(see the introduction of this chapter and Chapter 2). Plants capable of high rates of growth are 
often those that respond favourable to increased N availability. In Chapter 2, it was shown that 
C. vitalba growing at high light in the natural environment increased growth in response to 
increased N availability. It was suggested that the establishment of C. vitalba in disturbed sites 
may be related to the ability of C. vitalba to respond to increased N availability. 
In this section of Chapter 4, the response of C. vitalba to increased applied N will be discussed. 
Firstly with regard to growth and N assimilation and then with regard to leaf seasonality. It will 
be suggested that the response of C. vitalba to increased applied N is characteristic of a 
species adapted to a high N, predominantly N03- dominated environment. It will be proposed 
that some components of N assimilation and seasonal N storage may be important in the 
development of the leaf canopy of C. vitalba. From these results it will be argued that increased 
N availability following disturbance and the ability of C. vitalba to respond to increased N 
concentration are important factors in the establishment of C. vitalba in forest remnants. 
4.4.1 GROWTH AND NITROGEN ASSIMILATION: 
GROWTH RESPONSE TO APPLIED NITROGEN: 
In C. vitalba, there was little difference in the growth of plants supplied N03- and those supplied 
NH/ in the range 0.1 to 1.0 mol m-3 N. Above this concentration range however, N03- resulted 
in greater growth compared to NH/, and at applied N levels of 5.0 and 10.0 mol m-3 
NH/ -supplied plants did not survive (Fig. 4.1). A similar response in dry matter accumulation 
with NH4 + compared to N03- as the sole source of N has been reported for a range of species 
and is consistent with reports that suggest NH4 + can be toxic to plants, especially at relatively 
high applied N concentrations (Goyal and Huffacker, 1984; Mehrer and Mohr, 1989; Cramer 
and Lewis, 1993). 
Total plant dry weight increased around 9 fold with increased applied N03- from 0.1 to 2.5 mol 
m-3 and thereafter either changed little or decreased sligh:'y with increased applied N (Fig. 4.1 
and 4.2). A similar response to increased applied N03- has been reported for a range of crop 
species (Pate and Atkins, 1983; Andrews et al., 1991; Andrews et al., 1992). This suggests that 
C. vitalba has a relatively large capacity to respond to increased applied N levels. For C. vitalba, 
maximum growth occurs at N concentrations that are likely to occur only in high fertility 
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agricultural soils or in disturbed soils (Vitousek et al., 1979; Young and Aldag, 1982; Haynes, 
1986). This is consistent with reports that associate the distribution of C. vitalba in England and 
Central Europe with areas of relatively high soil fertility (Sankey, 1966; Ellenberg, 1974) and, is 
consistent with the establishment of C. vitalba in areas that are subject to periodic disturbance 
and hence likely to have elevated soil fertility and in particular, elevated soil N03- levels (see 
Chapter 2). 
NITRA TE ACCUMULA TlON: 
Plants that respond favourably to high N03- levels, such as ruderal and crop species, commonly 
have a relatively large capacity for both N03- accumulation and N03- assimilation (Lee et al., 
1986). This also appears to be the case for C. vitalba (Fig. 4.4a, b). Tissue N03- content 
increased substantially with increased applied N03- in the range 1.0 - 5.0 mol m-3 (Fig. 4.4b), 
with no apparent detriment to growth (Fig. 4.2). The ability to accumulate high concentrations of 
N03- in plant tissue, which may then be assimilated when external N03- concentration declines, 
is a characteristic common to many ruderal species (Melzer et al., 1984; Lee et al., 1986; Maule 
et al., 1995). This characteristic may be beneficial in environments where there are periodic 
increases in N03- availability followed by a N03- shortage. Clematis vitalba tends to establish in 
sites subject to periodiC disturbance (Chapter 2). The ability of C. vitalba to accumulate N03-
may be an important strategy in maintaining growth potential in a disturbed environment subject 
to fluctuating soil N03- levels. 
NITRA TE ASSIMILA TION: 
In leaves and roots of C. vitalba, NRA increased with increased applied N up to around 1.0 to 
2.5 mol m-3 N03- (Fig. 4.4a). Values obtained for NRA in C. vitalba are within the range reported 
for crop and ruderal species where a similar assay has been used (Lee and Stewart, 1978; AI 
Gharbi and Hipkin, 1984; Andrews, 1986; Andrews et al., 1992). The potential for N03-
assimilation in C. vitalba is consistent with species that have a relatively large capacity for N03-
assimilation and, in part, explains the ability of C. vitalba to respond favourably to a broad range 
of applied N03- concentrations. In addition, the large potential for N03- assimilation is consistent 
with the vigorous growth observed in C. vitalba in disturbed, potentially high N03- sites in the 
field (Chapter 2). 
Andrews (1986) suggested that, in general, temperate species carry out the majority of their 
N03- assimilation in the root and that there is a relative increase in the importance of shoot 
(leaves and stem) N03- assimilation as external N03- concentration increases. In the present 
study, the increased proportion of total plant NRA that occurs in the leaf with increased applied 
N03- concentration is consistent with this generalisation. However, in contrast to Andrews 
(1986), the potential for N03- reduction in the shoot (particularly leaf) of C. vitalba remains 
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dominant regardless of applied N03" level (Fig. 4.5). Andrews (1986) draws his conclusions 
mainly from studies of evergreen temperate species. Compared to evergreen species, there 
appear to be few reports of the partitioning of total plant NRA in deciduous species (Andrews, 
1986). However, the domination of shoot (and in particular leaf) NRA has been reported in the 
deciduous temperate species Aristotelia serrata (Bungard, 1988) and may not be an 
uncommon occurrence. 
In energetic terms, it has been suggested that the reduction of N03" in leaves may be an 
advantage in high light environments where ferredoxin, from the light reactions of 
photosynthesis, may be used in the reduction of N02" to NH4 + without adversely affecting CO2 
fixation (Raven, 1985; Smirnoff and Stewart, 1985). If this is the case, the predominantly leaf 
based NRA in C. vitalba would to some extent explain the preference of C. vitalba for high light 
environments and particularly, high light environments that also have increased soil N03" levels 
(Chapter 2). However, associated with leaf N03" assimilation is the requirement to maintain leaf 
pH in the presence of excess OH" ions. In general, it is considered that in higher plants, this 
problem is overcome by the production of organic acids in the leaf (Raven and Smith, 1976). 
More recent work that takes pH regulation into account, suggests that the cost of producing 
organic acids may offset any energetic advantage associated with the utilisation of ferredoxin in 
N02" reduction (Ayalsew, 1995). If this scenario is true, there may be no benefit, in energetic 
terms, of leaf N03" assimilation. The utilisation of ferredoxin however, may not be the only 
possible advantage associated with leaf N03" reduction; organic acids produced as a 
consequence of leaf N03" assimilation, N03" anions and the cations associated with N03" 
transport, are all potentially important components of leaf cell osmoticum. These components of 
cell osmoticum may be important determinants of the rate and extent of cell expansion, and 
hence leaf expansion (Raab and Terry, 1995). The total leaf area of a plant and the rate of leaf 
expansion are both important factors determining potential plant growth (Novoa and Loomis, 
1981; Dijkstra, 1989). In deciduous plants, an entirely new leaf canopy is produced each year 
and as a consequence, the rate and extent of leaf expansion can be expected to an 
increasingly important determinant of the potential growth rate. In C. vitalba, it is likely that leaf 
N03" assimilation leads to increased leaf osmoticum and, the potential for an increased rate of 
leaf expansion and hence canopy development. It is possible that increased leaf N03" 
assimilation, leading to increased canopy development and growth, is an important factor in the 
growth response of C. vitalba to increased applied nitrate. This could, to some extent account 
for an increased competitiveness of C. vitalba in disturbed, potentially high N03" sites. 
In C. vitalba, increased applied NH4 + stimulated NRA in all plant parts. In leaf and stem tissue, 
the influence of applied NH/ was greater than the influence of increased applied N03". In 
contrast to C. vitalba, in barley (included to enable a comparison of C. vitalba NRA to a well 
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studied species) NRA was not influenced by applied NH4'" concentration (Fig. 4.4a). 
Ammonium, as the end product of N03' assimilation, or amino acid, as the end product of NH4 + 
assimilation, are usually considered to either inhibit or have little influence on NRA (Radin, 
1975; Oaks et al., 1977; Novoa and Loomis, 1982; Datta et al., 1983; Li et al., 1995). Cases 
where NH/ has been reported to increase NRA are rare, and in these reports, the influence of 
N03' on NRA is not ruled out. For example, NH4'" is either applied in combination with N03' 
(Sahulka, 1977), N03' contamination of soil media is likely (Takacs and Tecsi, 1992) or, as a 
result of the short duration of NH4 + treatment, N03' or nitrate reductase (NR) is likely to present 
in the plant tissue (Sihag et al., 1979; Datta et al., 1981; Rajasekhar and Mohr, 1986). In the 
present study however, the possibility that NRA in NH4 + -supplied C. vitalba was induced as a 
result of the presence N03' during growth is minimal, for three main reasons. Firstly, NH4 + 
containing nutrient-solutions and soil media of NH4 + -supplied plants were regularly checked and 
found to be free of N03' contamination. Secondly, in the tissue of NH/-supplied plants N03' 
was undetectable (Fig. 4.4c). Finally, in contrast to C. vitalba, there was no stimulation of NRA 
in NH4 + -supplied barley (Fig. 4.4a). The possibility that the colorimetric reaction during the in 
vivo assay was a result of N02 ' or some other compound present in NH4 + -supplied C. vitalba 
was eliminated by running the assay in the absence of N03'; in which case, there was no colour 
reaction. It is possible, that reduction of N03' to N02' occurred in the absence of the NR 
enzyme. However, if this was the case the reducing potential required for this reaction to occur 
in the absence of the enzyme would be substantial. The accumulation of high levels of 
reductant in the plant tissue can occur if there is some major imbalance in plant processes. 
Such an imbalance would however, ultimately be expected to lead to a reduction in plant 
growth. The high levels of N03' reduction in C. vitalba supplied with 0.5 and 1.0 mol m,3 NH/ in 
the absence of any significant reduction in growth compared to N03'-supplied plants (Fig. 4.2), 
would suggest that this is not the case. 
Presuming then, that the observed NRA indicates the presence of substantial quantities of the 
NR enzyme then, two probable scenarios exist. Either, that as a result of exposure to N03', NR 
is synthesised de novo over the duration of the assay or, that the observed NRA is a true 
reflection of the enzyme present in NH4 + -supplied C. vitalba. 
During the assay used in this chapter, C. vitalba tissue would be in contact with N03' for a 
maximum of around 20 minutes. If the NRA in this experiment is a result of de novo synthesis 
of N8 then the appearance of such high levels of N02' over the duration of the assay :!Quld 
suggest very rapid and extensive synthesis of NR. Several reports suggest that under certain 
situations, rapid de novo synthesis of NR can occur (Privalle et al., 1989; Sawhney and Naik, 
1990 and references therein). However, these reports also suggest that, for a substantial 
increase in activity, hours rather than minutes are required. In addition, if de novo synthesis is 
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responsible for the observed NRA in NH4 + -supplied C. vitalba, then it could be expected that 
similar NR synthesis would occur in N03'-supplied C. vitalba. In the present study, this is not the 
case (Fig. 4.4a). From this evidence it appears that de novo synthesis is unlikely to be 
responsible for the observed NRA. 
The alternative scenario, where NR is produced under NH4 + nutrition, is consistent with reports 
that suggest that the induction of NRA may be controlled by some factor other than the 
presence of the substrate (N03') (Samuelson et al., 1995). Oaks (1992), suggested that in 
agricultural species, although NR is typically characterised as substrate inducible (Andrews, 
1986; Rajasekhar and OelmOller, 1987; de la Haba et al., 1988; Aslam and Huffacker, 1989), 
the trait is less apparent in the unselected ancestors. Oaks (1992) suggests that selection of 
plants for agricultural purposes may have played an important role in determining the factors 
that regulate NRA. It is likely therefore, that unselected species may not fit with the 
generalisations about N assimilation that are primarily formed from the study of agriculturally-
selected species. The nonsensical scenario where NR is produced under NH4 + nutrition, when 
presumably there is no requirement for the enzyme in N assimilation, certainly suggests that in 
C. vitalba, the factor(s) regulating NRA is not the presence of the substrate (N03lln this study, 
it is not possible to determine the factor(s) regulating NRA. However, the induction of NRA 
regardless of the N form (N03' or NH4 +) supplied would suggest that C. vitalba is adapted to an 
environment where N03' is the dominant N form available for uptake. This is consistent with the 
apparent preference of C. vitalba for disturbed, potentially high N03' sites (Chapter 2). 
4.4.2 NITROGEN SUPPLY AND DECIDUOUSNESS: 
In C. vitalba, autumn leaf loss was delayed and the onset of spring leaf development enhanced 
in plants supplied high N levels compared to low N levels (Fig. 4.6). Delayed leaf senescence in 
plants under adequate N supply compared to deficient N supply is common (Pell and Dann, 
1991). In general, leaf senescence is closely related to the translocation of N from leaves to 
other plant parts (Pell and Dann, 1991). In C. vitalba, this also appears to be the case. 
Associated with the decline in N content (N%) of leaves is an increase in the N% of root tissue 
while the N% in stem tissue remains relatively unaffected (Figure 4.7). The onset of leaf loss is 
dependent on N level (Figs. 4.6 and 4.7) and is consistent with the early leaf senescence in 
plants grown ur. jer nutrient limitation compared to plants . ~upplied sufficient nutrients, being 
primarily a result of the time required to deplete the smaller N pool in the leaves of low N plants 
(Makino et al., 1984; Pell and Dann, 1991). 
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Previous reports on the influence of nutrient availability on the efficiency of leaf N remobilisation 
are inconsistent (Chapin and Kedrowski, 1983; Boerner, 1984). Although an increased 
efficiency of N recovery from leaves when a plant is under nutrient stress is an attractive 
ecological proposition, in the present study, the opposite appears to be the case. For example, 
C. vitalba supplied high N (2.5 and 5.0 mol m·3) remobilise over 60% of N from leaves prior to 
leaf fall, whereas C. vitalba supplied low N (0.5 mol m·3) remobilise around 50% of leaf N (Table 
4.1). It is generally considered that the majority of the N recovered from leaves during 
senescence originates from proteins that are easily remobilised and in particular, RUBISCO 
protein (Makino et al., 1984). On a leaf dry weight basis RUBISCO, and soluble protein content 
in general, tends to increase as leaf N concentration increases. As such, as leaf N 
concentration increases, the proportion of easily-remobilisable N relative to structural N can 
also be expected to increase. Consequently, under N limitation, a decrease in the proportion of 
easily-remobilisable N and hence a decrease in N recovery from leaves, similar to that shown in 
this study, can be expected. 
Table 4.1. 
Applied N 
concentration 
(mol m·3 N) 
0.5 
2.5 
5.0 
Estimation of N remobilisation and retention by C. vitalba based on the N 
content of plant parts prior to the onset of leaf senescence and after 100% leaf 
loss. Calculations based on the results in Figure 4.7. 
(A) The proportion (8) The proportion (C) The proportion (0) The estimated (E) The measured 
of dry matter of total plant N of N recovered from residual N content N content of leaf 
retained over retained over leaves over Autumn ofsenesced leaves litter (%) 
Autumn (%) Autumn (%) (%) (%) 
66 85 49 0.55 0.46 
61 80 64 0.54 0.57 
55 79 63 0.77 0.69 
(A) Calculated as total plant dry matter after 100% leaf fall (30th June) as a proportion of total plant dry 
matter just prior to the onset of leaf senescence (13 h March). 
(8) Calculated as the total N content of plants (g) after 100% leaf fall (30th June) as a proportion of the 
total N content of plants (g) just prior to the onset of leaf senescence (13th March). 
(C) Calculated as the difference between the N content of stem plus root tissue (g) just prior to the onset 
of leaf senescence (13th March) and the N content of stem plus root tissue (g) after 100% leaf fall (30th 
June) as a proportion of the N content of leaves (g) just prior to the onset of leaf senescence (13th 
March). 
(D) Estimated from the N presumably remaining in leaves after remobilised (C) is taken in to account and 
expressed as a % of leaf dry weight just prior to the onset of leaf senescence (13th March). 
(E) The measured N content, on a dry weight basis, of leaf litter collected after 100% leaf senescence. 
Using the calculated leaf-N remobilisation figures (Table 4.1) to estimate the residual N in 
leaves at leaf fall suggests that, despite an increased efficiency of remobilisation, the 
concentration of N (at leaf fall) in leaves supplied high N levels w!11 still be greater than leaves 
supplied low N levels (Table 4.1). The N content of leaf debris collected at the completion of 
experiment 4 support this estimation. An increase in the N content of litter from plants grown at 
high N levels compared to low N levels is consistent with the increase in the nutrient content of 
leaf litter that is often reported for plants growing on high fertility sites compared to low fertility 
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sites (Chapin and Kedrowski, 1983; Pell and Dann, 1991; Aerts, 1995 and references therein). 
The current data is also consistent with the suggestion that differences in N loss in litter 
between high N and low N plants is largely a consequence of difference in the initial N content 
of leaves rather than differences in the extent of remobilisation (Chapin and Kedrowski, 1983; 
Pell and Dann, 1991; Aerts, 1995 and references therein). 
Aerts (1995), suggests that conclusions drawn from the study of N recovery from leaves can be 
misleading as they do not consider nutrient dynamics on a whole plant basis. In the present 
study, although plants supplied low N appear to be less efficient at recovering N from leaves 
compared to plants supplied high N, when N loss is considered on a whole plant basis, there 
appears to be little difference in N conservation as a result of N supply (Table 4.1). On a whole 
plant basis, regardless of N level, C. vitalba appears to lose around 15% to 20% of total plant N 
as a consequence of leaf loss (Table 4.1). The reduced N recovery in leaves of plants grown 
under low compared to high N supply and, the similarity in N conservation on a whole plant 
basis regardless of N supply suggest that, in C. vitalba, high rates of nutrient recovery or 
increased N conservation are not important in acclimation to nutrient stress. The inability to 
increase nutrient conservation under low N situations may be an important factor limiting C. 
vitalba to disturbed, relatively high fertility sites (Chapter 2). 
Cyr and Bewley (1989) attribute, in part, the persistence and regenerative capacity of leafy 
spurge (Euphorbia esula) to the remobilisation in spring, of extensive quantities of organic 
reserves (amino acids and distinct soluble proteins) that accumulate in the root system just 
prior to the onset of winter. In the present study, it is likely that the remobilisation of the N 
compounds accumulated in the root of C. vitalba over autumn is important in the rapid 
development of leaves in spring. The capacity to produce and maintain leaf area is an important 
determinant of the relative growth rate of plants. It is likely that under natural conditions, the 
seasonal gain of photosynthate in C. vitalba grown under high N situations is not only increased 
by the greater photosynthetic capacity associated with high N leaves, but also by the increased 
duration of the leaf canopy. An increased seasonal gain of photosynthate as a result of an 
increased leaf canopy duration may, to some extent, explain the increased competitiveness of 
C. vitalba in disturbed, relatively high fertility sites. However, it is also possible that in high N 
plants, the retention of leaves for an extended period in autumn increases the risk of leaves that 
contain relatively high amounts of N being present when the potential risk of low temperature 
damage increases. A frost, resulting in the death of leaves before N removal is complete, may 
result in a significant loss of plant N. In this situation, it is possible that early removal of Nand 
senescence of leaves in low N plants, reduces the risk of N loss from leaf damage. It is possible 
then, that in terms of ecological benefit to the plant, leaf retention becomes a trade off between 
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additional photosynthesis that may be obtained through leaf retention and, the risk of increased 
N loss as a consequence of low temperature damage to the leaves. 
4.4.3 SUMMARY AND CONCLUSIONS: 
In Chapter 2 it was suggested that low N availability may be an important factor limiting the 
growth of C. vitalba at high light in the natural environment and, it was suggested that the 
increased N availability that can occur following disturbance may be an important factor in the 
establishment of C. vitalba in forest remnants. The stimulation of C. vitalba germination by N 
(and in particular N03· and NH4 +) in Chapter 3 was further evidence that suggested an 
important role for elevated N levels in the establishment of C. vitalba. In this chapter (Chapter 
4), the response of C. vitalba to increased applied N was investigated. It is shown that C. vitalba 
can increase growth in response to relatively high levels of increased applied N and that this is 
consistent with a large potential capacity for N assimilation. It is argued that the growth 
response to increased applied N, the high potential for N03- assimilation and, the ability to store 
substantial quantities of N03- are characteristic of a species adapted to environments with 
relatively high N availability and in particular, characteristic of a species adapted to an 
environment with relatively high levels of soil N03-. The adaptation of C. vitalba to a N03-
dominated environment appears to be substantiated by the unusual characteristic where the 
potential for N03- assimilation is increased under NH4 + nutrition. It is suggested that these 
characteristics are consistent with the establishment and competitiveness of C. vitalba in 
recently disturbed sites. Furthermore, It is proposed that in a high N environment, N03-
assimilation in leaves and seasonal storage of N in roots may both increase the potential 
development and longevity of a leaf canopy. It is suggested that this increased canopy 
development and leaf longevity may be an important factor in the ability of C. vitalba to obtain 
substantial growth under conditions where N availability is increased and therefore, important in 
the competitiveness of C. vitalba in disturbed, potentially high N sites. 
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CHAPTER 5 
LIGHT LEVEL ACCLIMATION OF 
CLEMATIS VITALBA 
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The.following corrections to Chapter 5 should be noted: 
Page 106, line 16: 
The reference "(Bastow-Wilson, 1988)" should be "(Wilson, 1988)". 
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5.1 INTRODUCTION 
Results from the field distribution survey in Chapter 2 show that C. vitalba has not established 
in areas of the Dennistoun Bush forest remnant where light level is below 3% full sunlight but 
has established in areas with higher light levels, particularly above 5% full sunlight. In Chapter 
2, it was also shown that in undisturbed forest, light levels were usually <5% full sunlight and 
often in the range 1 % to 3% full sunlight and, that C. vitalba seedlings planted in these 
undisturbed forest areas did not survive. These results lead to the suggestion that the absence 
of C. vitalba in undisturbed forest was primarily a result of the inability of C. vitalba to survive at 
low light. This suggestion was, to some extent, substantiated by the results from Chapter 3. In 
Chapter 3 it was shown that the alleviation of C. vitalba seed dormancy was, in some situations, 
limited in the absence of light. However, it was suggested that the influence of other factors (in 
particular chilling) would be sufficient to overcome a substantial proportion of seed dormancy in 
the absence of light. As such, it was concluded that the potential for C. vitalba establishment in 
undisturbed forest would not be limited by the influence of light on germination. 
In the field, leaves of naturally occurring C. vitalba exposed to full sunlight, compared to leaves 
of naturally occurring C. vitalba that were exposed to low light «10% full sunlight) had; greater 
SLA, greater total chlorophyll on a leaf dry weight basis, reduced chlorophyll a:b ratio and, 
reduced total carotenoid and soluble protein on both a leaf area and a chlorophyll basis 
(Chapter 2). These characteristics are consistent with the influence of reduced light level, tend 
towards characteristics expressed by shade adapted plants and as such, are considered to be 
mechanisms of acclimation to low light and hence of benefit to the plant under reduced light 
levels (Bjorkman, 1981; Lichtenthaler, 1985; Evans, 1988; Givnish, 1988). A recent study 
carried out on Tradescantia fluminensis VeiL, another invasive weed in New Zealand native 
forest remnants, suggests that its extensive capacity for low light acclimation is important in its 
ability to survive under a dense forest canopy and an important component of its invasive 
strategy (Maule et al., 1995). In Chapter 2, the characteristics of low light leaves of naturally 
occurring Tradescantia f/uminensis (Maule et al., 1995) were compared to leaves of C. vitalba 
planted at similar low light levels. In general, C. vitalba had comparable values for SLA (around 
500 cm2 g.1) and chlorophyll a:b ratio (around 2.6) but, on a dry weight basis, C. vitalba had a 
much lower chlorophyll concentration (around 50%), and a much higher soluble protein content 
(up to 400%). From this data, it was suggested that for C. vitalba, a limited potential for 
acclimation to low light, particularly with respect to protein concentration may explain the 
inability of C. vitalba to persist in undisturbed forest. 
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In the C. vitalba distribution survey carried out at Dennistoun Bush (Chapter 2), over 80% of the 
plots that contained C. vitalba occurred in areas that had obviously been subject to recent 
disturbance or, were subject to the influence of adjacent pastoral land. It was also shown that, 
compared to non-fertilised soils, dry matter accumulation was much greater in seedlings 
planted outside the forest in soils that received fertiliser. From these results, and the 
observation that the most vigorous C. vitalba plants occurred in areas that were both, subject to 
soil disturbance and exposed to full sunlight, it was suggested that N availability may be a major 
factor limiting C. vitalba growth at Dennistoun Bush. The ability of C. vitalba to respond to 
applied N was investigated in depth in Chapter 4. There, it was shown that under high light 
conditions, C. vitalba had a substantial ability to increase growth in response to increased N 
availability. In Chapter 2 it was also shown that the survival of C. vitalba seedling in undisturbed 
forest was not influenced by additional N supply. These results suggest that although N level is 
potentially a major factor limiting the growth of C. vitalba at high light, N level may have little 
influence on the growth of C. vitalba at low light. It is possible however, that a range of other 
factors also contributed to the lack of seedling survival in undisturbed forest. For example, 
compared to C. vitalba outside the forest, C. vitalba in undisturbed forest may have been 
subject to unsuitable soil moisture regimes, micronutrient deficiency or, increased levels of 
herbivory. Consequently it remains uncertain if the inability of C. vitalba to establish in 
undisturbed forest is entirely attributable to low light level or, whether N supply influences the 
light acclimation potential of C. vitalba. 
5.1.1 OBJECTIVES: 
The objectives of this chapter were: 
• To determine the light acclimation potential of C. vitalba. 
• To determine if the mechanisms of acclimation are similar to those reported for higher plants 
in general. 
• To determine if N nutrition influences the potential for light acclimation and hence survival 
under a range of light levels. 
• To relate these findings to the distribution of C. vitalba that was observed in the field. 
93 
5.2 MATERIALS AND METHODS 
5.2.1 PLANT MATERIAL AND EXPERIMENTAL CONDITIONS: 
Seedlings for this experiment were grown from seed collected from naturally occurring 
C. vitalba at the field study site at Peel Forest, central Canterbury, New Zealand. Seed 
dormancy was reduced by 4 weeks moist chilling. Seed was germinated in peat with no 
additional nutrients. At the first true leaf stage, a random sample of 10 seedlings were 
harvested for the determination of initial dry weight. Seedlings were then transplanted into 180 
mm diameter by 200 mm tall pots (1 plant per pot) containing a vermiculite/perlite/sand (5:5:1 
v/v/v) mixture soaked with basal nutrient solution (Appendix 4) and subjected to experimental 
conditions. 
A range of light levels was produced by varying the number of shade cloth layers over steel 
framed enclosures. Exposure to full sunlight was taken to represent 100% relative irradiance 
(100%RI) and lower light levels are a percentage of full sunlight (%RI). Nitrogen supply was 
varied by the addition of nitrate as KN03 to a basal nutrient solution (Appendix 4). In all nutrient 
solutions, potassium ion concentration was maintained at 20.0 mol m-3 by the addition of K2S04• 
The experiment was carried out outside under natural light and temperature conditions. The 
experiment commenced on the 15th of November 1992. Plants were harvested 90-95 days 
after the imposition of treatment conditions. 
There were 6 light levels closely approximating; 100, 66, 33, 10, 3 and 1 %RI and 6 rates of 
applied N; 0.1, 0.5, 1.0, 2.5, 5.0 and 10.0 mol m-3• Over the duration of both experiments, 
100%RI at noon on a cloudless day was in the range 1700 to 1900 ~mols photons m-2 so'. All 
pots were flushed two to three times weekly with the appropriate nutrient solution. During 
flushing with nutrient solutions, care was taken to ensure plants were not exposed for 
prolonged periods to light levels above treatment light levels. 
Just prior to plant harvest, leaf samples were taken for the analysis of photosynthetic pigments, 
soluble protein and RUBISCO activity. In this sampling, four individual leaflets of around 0.1 g 
fresh weight each were removed from the latest fully expanded leaf on each plant. The leaf 
area of each sample was measured using a portable leaf area meter (model CI-201, CID 
corporation). Three of the samples were then wrapped in aluminium foil and immersed in liquid 
nitrogen until analysis. The remaining sample was dried at 70°C for 4 days and weighed to 
calculate SLA. 
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At the end of the growing period, individual plants were removed from their pots, roots were 
carefully separated from rooting media and the plant separated into root, stem or leaf material. 
Total leaf area was determined using a Li-COR Model 3100 area meter. Individual plant parts 
were weighed to determine fresh weight and then dried at 70D C for 4 days before being re-
weighed to determine dry weight. 
5.2.2 ANALYTICAL TECHNIQUES: 
DETERMINA TION OF TISSUE REDUCED-N CONTENT: 
The reduced-N content of plant tissue was determined with a similar method to that described 
in Chapter 4. 
CHLOROPHYLL ANAL YSIS: 
A full outline of the analysis of plant pigments is given in Chapter 6. Briefly, leaf samples were 
ground in liquid nitrogen followed by cold 100% acetone. The acetone containing the ground 
sample was then quantitatively transferred to centrifuge tubes and centrifuged at 5000 x g for 
5 minutes. The supernatant was then transferred to a second centrifuge tube and the remaining 
pellet re-extracted. The supernatants of both extractions were combined, mixed, and the final 
volume measured. Approximately 1 ml of the supernatant was then filtered through a 0.45 ).1m 
syringe filter and this sample analysed using HPLC (see Chapter 6). 
DETERMINA TION OF SOLUBLE PROTEIN: 
Frozen leaf samples were homogenised in a ground-glass piston homogeniser in buffer 
containing 50.0 mol m·3 Tris-HCI (pH 8.0) and the homogenate centrifuged at 10000 x g for 
15 minutes at 4DC. An aliquot of the supernatant was used to determine soluble protein 
following a method modified from Bradford (1976). For this analysis, 5.0 ml of Coomassie 
Brilliant Blue protein reagent (Appendix 4) was added to 0.5 ml of sample aliquots that 
contained protein levels in the range 10 ).1g mr' and 100 ).1g protein mr'. The contents were 
mixed and the absorbance at 595 nm measured after 2 minutes. The soluble protein content of 
leaf samples was then estimated by comparison with the absorbance obtained using bovine 
serum albumin (BSA) as a standard (Appendix 5). 
DETERMINA TION OF RUBISCO ACTIVITY: 
Frozen leaf samples were ground in a mortar with liquid nitrogen and then further ground in 5 
ml of chilled (0 - 4 DC) grinding buffer that contained; 50.0 mol m·3 Tris-HCI (pH 8.0), 50.0 
mol m-3 ascorbic acid (Na salt), 20.0 mol m-3 MgCb, 10.0 mol m-3 NaHC03 , 5.0 mol m-3 OTT, 
0.1 mol m·3 EOTA and 0.1% v/v Triton-X-100. The homogenate was quantitatively transferred to 
a 10 ml measuring cylinder and the volume adjusted to 7.0 ml. The homogenate was then 
incubated at 30D C for 10 minutes to ensure complete activation of the enzyme. 
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The assay medium contained 50.0 mol mo3 Tris-HCI (pH 8.0), 20.0 mol mo3 MgCb, 0.05 mol mo3 
EDTA, 0.5 mol m·3 Ribulose-1 ,5-bisPhosphate (RuBP) and 20.0 mol mo3 NaHC140 3 (5 /lCi per 
assay). The reaction was carried out at 30DC and was initiated by the addition of 0.1 ml of leaf 
homogenate to 0.9 ml of assay medium in scintillation vials. The reaction was terminated after 
2 minutes with 0.1 ml of6N acetic acid and the reaction mixture was then dried in the vial at 
60DC. The residue was dissolved in 0.7 ml of water and 10.0 ml of scintillation cocktail mix 
(Appendix 4) and acid stable C14 was then determined by counting scintillations (LKB Wallac 
1219 RackBeta Liquid Scintillation Counter). 
To minimise oxygenase activity, both the grinding buffer and assay mixture were made using 
deionised water that had been gently boiled to remove oxygen. Both incubation and assay time 
were optimised (Appendix 10) and to establish a control, the assay procedure was carried out 
with homogenate that had been heated to 100DC. All samples were assayed in duplicate. 
EXPERIMENTAL DESIGN AND ANAL YSIS: 
The experiment was a completely randomised block design with light level as the block and 
4 replicates of each treatment. Results were analysed using analysis of variance. All effects 
discussed have a probability (P) value of less than 5%. 
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5.3 
5.3.1 
RESULTS 
THE INFLUENCE OF LIGHT LEVEL AND APPLIED NITRATE 
CONCENTRATION ON GROWTH AND DRY MATTER PARTITIONING: 
The dry weight of individual C. vitalba seedlings at the onset of experimental treatments was 
0.02 ± 0.005 g. With the exception of plants subjected to 1 %RI, which did not survive, total 
plant dry weight increased over the duration of the experiment at all light levels (3%RI to 
100%RI) and all applied N03- concentrations (0.1 to 10.0 mol m-3 N). The response of C. vitalba 
to light level and applied N concentration (applied N) will now be reported with regard to 
measurements taken at the completion of the experiment and will exclude the 1 %RI treatment. 
Figure 5.1 
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At all applied N concentrations with the exception 0.1 mol m-3 N, total plant dry weight increased 
with increased light level in the range 3%RI to 100%RI. Regardless of light level, total plant dry 
weight increased with increased applied N in the range 0.1 to 5.0 mol m-3 N and then changed 
little with additional applied N up to 10.0 mol m-3 (Fig. 5.1). Maximum total dry matter 
accumulation (14.9 g) occurred at 100%RI and 5.0 mol m-3 applied N. The proportion of total 
Figure 5.2 
8 .-_----->-(A~)'_S_:_R_r_a_ti_o __ _, 
o 2 4 6 8 10 
Applied N03" concentration (mol m"3) 
(C) SWR 
0.5 ,------------, 
1: 
"~0.4 
3: 
~ 
u 
"iii 0.3 § 
'0> 
E 0.2 
OJ 
Cii 
E) 
"Q 0.1 
'iii 
II: 
0.0 l....L_-'--_-L-_-'---_-'---_LJ 
o 2 4 6 8 10 
Applied N03" concentration (mol m"3) 
(8) LWR 0.6 ,------------, 
:g, 0.5 
"Qi 
3: 
~0.4 
"iii 
ft 0.3 
'0> 
1U 
~ 0.2 
E) 
o 
~ 0.1 
__ 100%RI 
___ 66%RI 
--6-- 33%RI 
......... 10%RI 
-+- 3%RI 
0.0 l....L_-'--_--'-_-'---_-'---_LJ 
o 2 4 6 8 10 
Applied N03" concentration (mol m"3) 
(0) RWR 
0.7 ,------------, 
EO.6 
0> 
'Qi 
~0.5 
u 
]i0.4 
.9 
'0>0.3 
'0 
e 
E)0.2 
o 
~ 0.1 
0.0 l....L_-'--_--'-_-'---_-'---_LJ 
o 2 4 6 8 10 
Applied N03" concentration (mol m"3) 
97 
Effects of different concentrations of nitrate on shoot to root dry matter 
partitioning (S:R ratio) (A) and, leaf (8), Stem (C), and root (D) dry weight as a 
fraction of total plant dry weight of C. vitalba grown at light levels of 100%RI (. ), 
66%RI (. ). 33%RI (& ), 1 O%RI (~) and 3%RI (. ). Error bars are 1 standard 
error of the mean (n=4). 
plant dry matter in the shoot (S:R ratio) increased both, as light level decreased from 33%RI to 
3%RI and, as applied N03' concentration increased in the range 0.1 to 10.0 mol m·3 (Fig. 5.2a). 
The increase in S:R ratio with decreased light level was greater at high applied N levels 
compared to low applied N levels. Regardless of light level, S:R ratio increased sharply with 
increased applied N in the range 0.1 to 5.0 mol m·3 and then 3ither changed little or increased 
further with additional applied N to 10.0 mol m·3. Maximum S:R ratio of 6.5 occurred at 3%RI 
and 10.0 mol m·3 applied N. Minimum S:R ratio of around 0.65 occurred at light levels in the 
range 33% to 100% at 0.1 mol m-3 applied N. The increase in S:R ratio with decreased light 
was solely a result of an increase in the proportion of total plant dry matter partitioned to the 
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stem (SWR) at the expense of the proportion of total plant dry matter partitioned to the root 
(RWR). The proportion of total plant dry matter partitioned to leaf material (LWR) was not 
influenced by light level. In contrast, the increase in S:R ratio with increased applied N was a 
result of an increase in both SWR and LWR at the expense of RWR (Fig. 5.2). 
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Effects of different concentrations of nitrate on total leaf area (TLA) (A), leaf area 
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The influence of light on total plant leaf area (TLA) varied depending on applied N level (Fig. 
5.3a). In general, at low N (0.1 to 0.5 mol m-3) TLA increased with decreased light, while at 
higher N levels, plants grown at 10%RI had the highest TLA and, plants grown at 3%RI the 
lowest TLA. At all light levels, TLA increased with increased applied N in the range 0.1 to 5.0 
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mol m-3 and then changed little with additional applied N up to 10.0 mol m-3 (Fig. 5.3a). When 
the influence of plant size is removed by expressing TLA on a whole plant dry weight basis 
(LAR), the influence of light on leaf area is consistent at all applied N levels (Fig. 5.3b). 
Regardless of applied N level, LAR decreased with increased light level. This decrease in LAR 
was relatively large with increased light from 3%RI to 33%RI compared to increased light above 
33%RI and, was greater at high N compared to low N levels. At all light levels, LAR rapidly 
increased with increased applied N in the range 0.1 to 2.5 mol m-3 and then gradually increased 
with additional applied N up to 10.0 mol m-3 • Minimum LAR of around 11 cm2 g-l occurred at 
100%RI and 0.1 mol m -3 applied N. Maximum LAR of just over 300 cm2 g-l occurred at 3%RI 
and 10.0 mol m-3 N. 
In general, the influence of light level on leaf area on a leaf dry weight basis (SLA) was similar 
to the influence of light on LAR. The increase in SLA with decreased light level ranged from 
around 3.5 fold at 0.1 mol m-3 N to around 7 fold at 10.0 mol m-3 N (Fig. 5.3c). In contrast to 
LAR, increased applied N increased SLA at low light levels (3%RI and 10%RI) but not high light 
levels (33%RI to 100%RI). At 3%RI and 10%RI, SLA increased sharply with increased applied 
N up to 2.5 mol m-3 , while with additional applied N the increase in SLA became progressively 
more gradual. Minimum SLA of around 100 cm2 g-l occurred at 100%RI while maximum SLA of 
nearly 700 cm2 g-l occurred at 3%RI and 10.0 mol m-3 applied N. 
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Specific leaf area (SLA) is a function of leaf density and leaf thickness (Dijkstra, 1989). In this 
experiment, both light level and applied N influenced leaf density and leaf thickness (Fig. 5.4). 
Regardless of applied N, increased light level increased leaf thickness and leaf density 
however, in contrast to leat thickness, the extent that light increased leaf density was 
dependent on applied N level (Fig. 5.4a, b). At 10%RI and 3%RI, leaf density gradually 
decreased with increased applied N in the range 0.1 to 10.0 mol m-3 . At higher light levels 
(33%RI to 100%RI), leaf density increased with increased applied N in the range 0.1 to 2.5 mol 
m-3 and gradually declined with additional applied N thereafter. At all light levels, leaf thickness 
decreased with increased applied N from 0.1 to 2.5 mol m-3 and then remained relatively 
unchanged with additional applied N up to 10.0 mol m-3 (Fig. 5.4b). 
5.3.2 THE INFLUENCE OF LIGHT LEVEL AND APPLIED NITRATE 
CONCENTRATION ON CHLOROPHYLL, SOLUBLE PROTEIN, 
RUBISCO ACTIVITY AND, LEAF REDUCED-N: 
On a leaf dry weight basis, chlorophyll concentration decreased with increased light level 
regardless of applied N level and, increased with increased applied N regardless of light level 
(Fig. 5.5a). Increased light increased chlorophyll concentration by between 9 and 5 fold with 
increased applied N from 0.1 to 10.0 mol m-3 respectively. The majority (around 60%) of the 
entire light effect on chlorophyll concentration occurred with increased light level in the range 
3%RI to 33%RI. In comparison, the influence of increased light above 33%RI was less 
dramatic. For all light levels, applied N increased chlorophyll concentration by between 1.5 and 
3 fold. On a dry weight basis, maximum chlorophyll concentration of around 16 ~mol g-1 leaf dry 
weight occurred at the lowest light level (3%RI) and the highest applied N level (10 mol m-3) and 
minimum chlorophyll concentration of around 1 ~mol g-1 leaf dry weight occurred at the highest 
light level (100%RI) and lowest applied N level (0.1 mol m-\ 
On a leaf area basis, the influence of light on chlorophyll concentration was dependent on 
applied N level. At 0.1 mol m-3 N, increased light level decreased chlorophyll concentration 
(Fig. 4.5b). At 0.5 to 1.0 mol m-3 N, light level had little affect on chlorophyll concentration. At 
2.5 to 10.0 mol m-3 N, chlorophyll concentration increased with increased light level in the range 
3%RI to 33%RI and then remained relatively unchanged with additional light up to 100%RI. 
This interaction was a consequence of the greater influence of applied N on chlorophyll 
concentration at high light levels (100%RI to 33%RI) compared to lower light levels (1 O%RI and 
3%RI). For all treatments, chlorophyll concentration ranged from around 150 ~mol m-2 leaf area 
at 100%RI and 0.1 mol m -3 applied N to around 340 ~mol m -2 leaf area at 33%RI and 5.0 to 10 
mol m-3 applied N. 
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Effects of different concentrations of nitrate on chlorophyll per unit leaf dry 
weight (A), chlorophyll per unit leaf area (B), and chlorophylla to chlorophyllb 
ratio (chlorophyll a:b ratio) (C) of C. vitalba grown at light levels of 100%RI (e ), 
66%RI (. ), 33%RI (& ), 10%RI ('1') and 3%RI (+). Error bars are 1 standard 
error of the mean (n=4). 
In contrast to chlorophyll concentration on a dry weight and on an area basis, the ratio of 
chlorophyll a to chlorophyllb (chlorophyll a:b ratio) was not affected by applied N level 
(Fig. S.Sc). However, with increased light, chlorophyll a:b ratio increased from around 2.8 at 
light levels of 3%RI and 1 OO/~RI to around 3.0 at light levels in the range 33%RI to 100%RI. 
Overall, light level and applied N concentration influenced soluble protein and RUBISCO activity 
to a similar extent. This was true whether expressed on a dry weight, on a leaf area or, on a 
chlorophyll basis (Fig. 5.6). The similar influence of light and N is clearly shown by the close 
relationship between soluble protein and RUBISCO activity regardless of light and N treatment 
(Fig. S.7a). 
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There was no consistently significant effect of light on either soluble protein or RUBISCO 
activity on a dry weight basis (Fig. 5.6a, b). In contrast to light, increased applied N increased 
soluble protein and RUBISCO activity. Increased applied N from 0.1 to 10.0 mol m·3 increased 
both soluble protein and RUBISCO activity by around 3 fold at all light levels. 
On a leaf area basis, soluble protein and RUBISCO activity increased with increased light level 
(3%RI to 100%RI) at all applied N levels (Fig. 5.6d, e). This increase ranged from around 3 fold 
at 0.1 mol m·3 applied N to around 6 fold at 10.0 mol m·3 applied N. With increased applied N, 
soluble protein and RUBISCO activity increased at high (33%RI to 100%RI) but not at low 
(3%RI and 10%RI) light levels. For all treatments, maximum soluble protein (6 g m·2) and 
RUBISCO activity (16 ~mol CO2 m·2leaf area s·,) occurred at 100%RI and 10 mol m03 applied 
N. 
On a chlorophyll basis, soluble protein and RUBISCO activity increased with increased light 
(3%RI to 100%RI) at all applied N concentrations (Fig. 5.6g, h). The magnitude of this increase 
was greater at 0.1 and 10.0 mol m·3 N than at intermediate applied N concentrations. Soluble 
protein or RUBISCO activity was not influenced by applied N at 3%RI and 10%RI. However, as 
light level increased in the range 33%RI to 100%RI, the influence of applied N also increased. 
Minimum leaf soluble protein (around 4.0 mg ~mor' chlorophyll) and RUBISCO activity (around 
6.0 ~mol C02 m02 1eaf area SO') occurred at light levels of 3%RI and 10%RI regardless of 
applied N concentration. Maximum soluble protein (around 20 mg ~mor1 chlorophyll) and 
RUBISCO activity (around 6.0 ~mol C02 m02 1eaf area S·1) occurred at 100%RI and either 0.1 or 
10.0 mol m03 applied N. 
With the exception of increased light level from 10%RI to 33%RI, the influence of light and N on 
reduced-N was similar to the influence of light and N on soluble protein and RUBISCO activity 
(Fig. 5.6). Again, this is reflected in the close relationship between soluble protein and reduced-
Nand, RUBISCO activity and reduced-N that is independent of the light and N treatments 
(Fig. 5.7b, c). For all treatments, maximum reduced-N concentrations on a dry weight, leaf area 
and chlorophyll basis were 47.0 mg g01 dry weight, 2.25 g m02 and 8.2 mg ~mor1 respectively. 
Minimum reduced-N concentrations on a dry weight, leaf area and chlorophyll basis were 11.0 
mg gO' dry weight, 0.7 g m·2 and around 3.0 mg ~mor1 respectively. 
104 
(A) 
25 r---------------, 
RUBlSCO activity = 
0.256 + 3.378 (Soluble Protein)· 0.133 (Soluble protein)' 
R2 = 94% 
'00 
20 
~m 
'- .... > ctl UCij 15 
ctl Q) 
o~ 
0' (/) E 
co ON 10 
=>0 CI: o 
~ 
2:: 5 
o 
o L-__ ~ ____ ~ ____ ~ ____ _J 
02468 
Soluble protein (g m·2 leaf area) 
(8) 
8 ~----------------------~ 
S~uble protein = 
·2.048 + 4.910 (Reduced·N) .().579 (Reduced·N)' 
R'=93% .0 
o ~------~------~----~ 
o 1 2 3 
Reduced-N (g m -2 leaf area) 
(C) 
25 ~-------------, 
RUBlSCO activity = 
·5.743 + 15.442 (Reduced·N) ·2.554 (Reduced·N)' 
R2 = 89% 
o 
o ~------~------~------~ 
o 1 2 3 
Reduced-N (g m·2 leaf area) 
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5.4 DISCUSSION 
For C. vitalba, a greater response to applied N occurred at high light rather than low light levels 
(Fig. 5.1). The influence of applied N on C. vitalba growth at high light in this chapter are 
consistent with the influence of applied N in Chapter 4. These results, combined with those in 
Chapter 2 (where growth increased in seedlings planted outside the forest as a result of the 
addition of N) are strong evidence that the major factor limiting C. vitalba growth at high light 
levels in the field is N availability. 
In this chapter, the maximum growth rate that occurred in C. vitalba growing at full sunlight 
(100%RI; Fig. 5.1) is consistent with reports that suggest C. vitalba is a high light plant (Van 
Gardingen, 1986). In the present study however, it has also been shown that although C. 
vitalba can not survive at light levels as low as 3%RI, substantial growth is achieved at light 
levels as low as 10%RI (Fig. 5.1). These results suggest, that although C. vitalba appears to be 
well adapted to high light situations, substantial shade acclimation is also possible. 
The changes in leaf characteristics that occurred with a reduction in light level in this chapter 
are similar to the change in comparable leaf characteristics in C. vitalba grown within the forest 
compared to outside the forest in Chapter 2. Also, the limited growth of C. vitalba at 3%RI (Fig. 
5.1) and the inability of C. vitalba to survive at light levels as low as 1 %RI, regardless of applied 
N level, are consistent with the limited establishment of C. vitalba in undisturbed forest (Chapter 
2). Together, these results are strong evidence that light level is the primary factor limiting the 
establishment of C. vitalba in undisturbed forest remnants. 
Plants may respond to changes in light level through a range of structural and biochemical 
means. The remainder of this discussion will review each of these responses in turn and then 
focus specifically on the influence of N on light level acclimation of the photosynthetic apparatus 
of C. vitalba. The discussion will suggest that changes in SLA, changes in the partitioning of 
resources between light capture and photosynthetic capacity and, to a lesser extent, improved 
leaf dispersion are the primary factors involved in light acclimation of C. vitalba. 
5.4.1 LIGHT LEVEL ACCLIMATION AND DRY MATTER PARTITIONING 
AT THE WHOLE PLANT LEVEL: 
Usually, as light level decreases, plant growth becomes increasingly limited by the ability to 
capture light. Plants often respond to this limitation by increasing their capacity for light 
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absorption on a dry weight basis. For C. vitalba in the present study, this is also the case. Leaf 
area per unit whole plant dry weight (LAR) increased with decreased light level regardless of 
applied N level (Fig. 5.3). An increase in LAR can be achieved through an increase in the 
proportion of total plant dry matter partitioned to photosynthetic tissue. This change in dry 
matter partitioning .5 usually reflected in an increased partitioning of dry matter to the shoot 
relative to the root (S:R ratio) (Bjorkman, 1981; Adamson et al., 1991). In the present study, at 
all applied N levels, S:R ratio increases with decreased light level (100%RI to 3%RI). However, 
this increase is entirely a result of an increase in SWR relative to RWR (Fig. 5.2). Greater 
partitioning to leaves (increased LWR) does not account for any increase in S:R ratio. These 
results suggest that in C. vitalba, an increase in S:R ratio does not contribute to the changes in 
LAR that occur as a consequence of changes in light level. The apparent inability of C. vitalba 
to alter LWR may be a major factor limiting a greater increase in LAR as light level declines. As 
a consequence, it is possible that the limited ability to increase LWR as light level declines is an 
important factor limiting the establishment and growth of C. vitalba at low light levels. 
In woody perennials, an increase in SWR can occur over time as a result of the accumulation of 
structural stem tissue relative to leaf or root tissue (Bastow-Wilson, 1988). The experiment 
carried out in the present study was of a relatively short duration and all plants were of a similar 
age and growth stage. Consequently, the greater SWR in C. vitalba grown at low light levels 
(3%RI and 1 O%RI) compared to higher light levels (33%RI to 100%RI) (Fig. 5.2a) is most likely 
a treatment effect and not an ontogenetic effect. In C. vitalba, S:R ratio increased, not only with 
reduced light level, but also with increased applied N (Fig. 5.2a). The influence of N on S:R 
ratio in this chapter is consistent with the well documented influence of N nutrition on S:R ratio 
(Andrews, 1986, 1993; Agren and Ingestad, 1987) and consistent with the results in Chapter 4 
of this study. In contrast to the influence of light however, the influence of applied N on S:R 
ratio was a consequence of both an increase in SWR and LWR (Fig. 5.2). 
In C. vitalba, the SWR is consistently higher in plants grown at 3%RI and 10%RI compared to 
plants grown at higher light level. This was also the case for reduced-N on a dry weight basis. 
Figure 5.8 suggests that the relationship between SWR and N content of plants extends 
beyond that observed between plants grown at high light (33%RI to 1 OO%RI) compared to 
those grown at low light (3%RI and 10%RI) and, that this relationship remains consistent 
regardless of light level and applied N concentration. Recent studies suggest that, compared to 
the influence of light, the N content of plants is a more important factor in the control of shoot to 
root dry matter partitioning. And, the majority of the effect of light level on S:R ratio can actually 
be attributed to the influence of N (Ingestad and McDonald, 1989; Fichtner et al., 1995). The 
results from the present study suggest that in C. vitalba this is the case. 
Figure 5.8 
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An increase in LAR is an important factor in acclimation to a low light. However, at the same 
time, it is important that mutual self shading of leaves is minimised. In C. vitalba, the increase in 
stem tissue at low light (3%RI and 10%RI) compared to high light (33%RI to 1 OO%RI) was a 
consequence of longer, rather than thicker stems (personal observation). Regardless of the 
mechanism controlling dry matter partitioning to the stem, it is likely that the increase in stem 
tissue in C. vitalba will increase the spatial distribution of leaves and therefore, effectively 
reduce self shading of leaves. It is also likely that an increase in stem tissue at low light is an 
important factor increasing the likelihood that new leaves will be produced higher in the 
vegetation canopy, in a more favourable light environment. This is particularly relevant for C. 
vitalba when its climbing growth habit and potential for maximum growth at high light is 
considered. 
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5.4.2 LIGHT LEVEL ACCLIMATION AND DRY MATTER PARTITIONING AT 
THE LEAF LEVEL: 
An increase in LAR is a function of both a change in LWR and SLA. In C. vitalba light level does 
not influence LWR (Fig. 5.2b) and therofore the influence of light on LAR can be entirely 
attributed to the influence of light on SLA (Fig. 5.3c). Specific leaf area (SLA) increased by 
between 3.5 and 7 fold with decreased light from 100%RI to 3%RI and the maximum SLA 
attained (700 cm2 g,1) occurred at low light and high N (Fig. 5.3c). Both the increase in SLA that 
occurred with decreased light level and the maximum SLA achieved are high in comparison 
with values published for plants under similar growth conditions (e.g. Bjorkman, 1981; 
Thompson et al., 1992; Maule et al., 1995). Consequently, in terms of dry matter allocation, it is 
suggested that changes in SLA are of primary importance in shade acclimation of C. vitalba. 
Specific leaf area is a function of both leaf thickness and leaf density (Dijkstra, 1989) and in C. 
vitalba, both leaf thickness and leaf density are influenced by decreased light level (100%RI to 
3%RI ) (Fig. 5.4). The influence of light on leaf thickness was independent of N level (Fig. 5.4b). 
Therefore, the interaction that occurred between the influence of light and the influence of N on 
SLA (Fig. 5.3c) can be attributed to the influence of light and N on leaf density (Fig. 5.4a). 
Leaf thickness increased both with increased light level and with decreased applied N level (Fig. 
5.4b). An increase in leaf thickness may lead to a decrease in SLA, a reduction in LAR and 
ultimately, a reduction in potential growth rate. However, an increase in leaf thickness and 
hence "leaf toughness" (sensu. Thompson et al., 1992) may also lead to extended leaf 
longevity and a reduced risk of leaf damage and/or death. High light environments are often 
exposed and therefore associated with a greater potential for leaf damage. Therefore, an 
increase in leaf thickness is likely to benefit the plant by reducing leaf damage and increasing 
leaf longevity. Similarly, the relative cost of leaf damage and/or death must be higher when a 
plant is under N stress. Therefore, increased leaf thickness may be an important factor in 
reducing the damage and premature loss of leaves that, in terms of N content, are very 
expensive for the plant to produce. It is suggested that leaf thickness may be a trade off 
between the loss of potential light capture (and hence photosynthesis) as a consequence of the 
reduced SLA and hence LAR associated with thicker leaves and, the cost associated with a 
greater risk of leaf damage and loss that is associated with thinner leaves. 
5.4.3 LIGHT LEVEL ACCLIMATION OF THE PHOTOSYNTHETIC 
APPARATUS: 
CHLOROPHYLL CONCENTRA TION: 
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The effect of increased SLA on light absorption and photosynthetic rate per unit leaf area is 
dependent on how leaf absorption and photosynthetic capacity change on an area basis. For 
higher plants in general, as light level declines and SLA increases, chlorophyll concentration 
per unit area and hence light absorpt10n remains relatively unchanged. It can be expected that 
the maintenance of chlorophyll concentration and hence light absorption per unit leaf area as 
SLA increases will be reflected in an increase in chlorophyll concentration on a dry weight 
basis. In many studies, this has been shown to be the case (Bjorkman, 1981; Maule et al., 
1995). This is also the case in the present study. Chlorophyll per dry weight increases with 
decreased light regardless of applied N level (Fig. 5.5a). In C. vitalba on a leaf area basis, the 
influence of light on chlorophyll concentration was dependent on applied N level (Fig. 5.5b). In 
general, chlorophyll per unit leaf area decreased with increased light level at low N (0.1 mol m-
\ was not influenced by light level at moderate applied N levels (0.5 and 1.0 mol m-3) and 
increased with increased light level at high applied N levels (2.5-10.0 mol m-\ Pons and Pearcy 
(1994) reported a similar interaction between the influence of light and N on chlorophyll 
concentration. In C. vitalba, it appears that this interaction is primarily a consequence of the 
large influence of applied N on chlorophyll concentration in high light, but not low light (Fig. 
5.5b). This interaction may to some extent explain the lack of consistency between previous 
reports on the influence of light on chlorophyll on a leaf area basis (Bjorkman, 1981; Chow et 
al., 1988; Pearcy and Sims, 1994). 
CHLOROPHYLL A:B RA TIO: 
A common response of higher plants to decreased light level is an increase in the abundance of 
light harvesting complex (LHC) relative to reaction centres (RC) and hence a reduction in the 
chlorophyll a:b ratio (Anderson, 1986; Anderson et al., 1988; Oi Paulo et al., 1990). There are 
however exceptions where light level has not influenced chlorophyll a:b ratio (Chow et al., 
1991). In the present study, the chlorophyll a:b ratio remained unchanged with decreased light 
level in the range 100%RI to 33%RI but decreased slightly with an additional reduction in light 
level to 10%RI and 3%RI (Fig. 5.5c). In C. vitalba, the chlorophyll a:b ratio of plant grown at 
high light (33%RI to 100%RI) is relatively low compared to plants grown under similar light 
conditions and more consistent with shade acclimated or shade tolerant species rather than 
high light species (Maule et al., 1995). Evans (1988) argued that the likeliest explanation for a 
reduced chlorophyll a:b ratio with decreased light level is the reduced cost of maintaining light 
absorption by complexing chlorophyll in LHC in comparison to RC. In comparison to many other 
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species, the decrease in chlorophyll a:b ratio with decreased light is relatively small (Chow et 
al., 1988). In C. vitalba, it is possible that the relatively small change in chlorophyll a:b ratio is a 
consequence of the ratio already being low, even when plants develop under high light. It is 
likely that, as a result of this low chlorophyll a:b ratio, a further reduction in the chlorophyll a:b 
ratio as light level declines is either of little benefit to the plant or not physiologically possible. 
PHOTOSYNTHETIC CAPACITY: 
There is a close relationship between the maximum RUBISCO activity of leaves and 
photosynthetic capacity (Bjorkman, 1981). Changes in the level of RUBISCO protein and hence 
photosynthetic capacity are often inferred from changes in the soluble protein (Bjorkman, 1981; 
Maule et al., 1995 and Chapter 2 of this thesis). The close association between RUBISCO 
activity and the soluble protein content of leaves in this study suggest that these assumptions 
are valid for C. vitalba. 
Previous reports on the influence of light level on soluble protein and RUBISCO activity on a dry 
weight basis are not consistent (Bjorkman, 1981; Lichtenthaler, 1985; Givnish, 1988) and in the 
present study, on a dry weight basis, there was no consistently significant effect of light level on 
either soluble protein or RUBISCO activity (Fig. 5.6a, b). As changes in photosynthetic capacity 
are not directly related to changes in SLA, the influence of light on soluble protein and 
RUBISCO activity on a dry weight basis will, to a large extent, depend on the influence of light 
on SLA. Consequently, a high degree of variability in the influence of light on soluble protein 
and RUBISCO activity per unit dry weight can to some extent be expected. 
In comparison to on a dry weight basis, previous reports on the influence of light level on 
soluble protein and RUBISCO activity on a leaf area and chlorophyll basis are relatively 
consistent. In general, as light level decreases, soluble protein and RUBISCO activity decrease 
(Bjorkman, 1981; Field and Mooney, 1986; Seemann et al., 1987; Chow et al., 1988; Evans, 
1989a, b). In C. vitalba this is also the case. On a leaf area and a chlorophyll basis, soluble 
protein and RUBISCO activity decreased with decreased light from 100%RI to 10%RI but then 
remained unchanged with an additional reduction in light to 3%RI (Fig. 5.6d, e, g, h). 
As light level declines, photosynthesis becomes increasingly limited by light capture and a 
reduction in photosynthetic capacity will have little influence on the rate of photosynthesis. At 
low light level, any benefit from maintaining high photosynthetic capacity, may be outweighed 
by the energetic cost of its production and maintenance. In this case, a reduction in 
photosynthetic capacity may incur important savings that increase the likelihood of a positive 
carbon balance under low light (Bjorkman, 1981; Andrews, 1993; Pearcy and Sims, 1994). 
Plant species that have a limited ability to alter photosynthetic capacity often, also have a 
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limited light acclimation ability. For example, Evans (1989b) suggests that increased 
photosynthesis of Phaseolus compared to Spina cia under low light, is related to the greater 
ability of Phaseolus to increase the extent that resources are partitioned to those factors 
associated with light capture rather than those associated with photosynthetic capacity. Also, 
Maule et al. (1995) suggests that the ability of Tradescantia fluminensis Veil. to survive at 
extremely low light levels (1 % full sunlight) is to some extent, related to its ability to reduce 
protein levels at low light. Under similar growth conditions to C. vitalba in this study, the 
minimum level of soluble protein per unit leaf dry weight in Tradescantia fluminensis (an 
invasive weed in New Zealand forest remnants that is capable surviving under very low light 
levels (1 % full sunlight)) (Maule et al., 1995) was around 30% of the minimum soluble protein 
level achieved in C. vitalba. The apparent inability of C. vitalba to reduce photosynthetic 
capacity below that achieved at 10%RI and the relatively high soluble protein content under low 
light compared to Tradescantia fluminensis, suggests that the inability of C. vitalba to reduce 
photosynthetic capacity may be a major factor limiting low light acclimation in C. vitalba and 
hence, the ability of C. vitalba to establish in undisturbed forests. 
5.4.4 NITROGEN AVAILABILITY AND LIGHT LEVEL ACCLIMATION OF 
THE PHOTOSYNTHETIC APPARATUS: 
In C3 plants there is a substantial N requirement for an increase in photosynthetic capacity. A 
significant proportion of this N requirement is due to the N involved in the production and 
maintenance of RUBISCO (Evans, 1989a, b). Consequently, in C3 plants in general, a large 
part of the variation in leaf N content that results from differences in light level can be 
associated with the change in the level of RUBISCO protein in the leaves (Bjorkman, 1981; 
Evans, 1989a, b; Seemann et al., 1987). In C. vitalba, this "substantial N requirement" for the 
maintenance of photosynthetic capacity is reflected in the close relationship between the N 
content of leaves and both the soluble protein and the RUBISCO activity of leaves (Fig. 5.7c, 
d). 
In higher plants, there is usually a reduction in photosynthetic capacity on a leaf area basis and 
on a leaf dry weight basis in plants under N limitation compared to those with adequate N 
supply (Field and Mooney, 1986). This is reflected in a reduction in soluble protein and 
RUBISCO activity. In C. vitalba, with the exception of soluble protein and RUBISCO activity on 
a leaf area basis at low light (3%RI and 1 O%RI), the reduction in soluble protein and RUBISCO 
activity with reduced N supply is consistent with previous reports. On a leaf area basis at low 
light, the limited influence of applied N on soluble protein and RUBISCO activity suggests that 
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in C. vitalba, at these low light levels, light capture rather than photosynthetic capacity is the 
major factor limiting photosynthesis. 
In comparison to a leaf area and a leaf dry weight basis, previous reports on the influence of 
applied N on soluble protein and RUBISCO activity on a chlorophyll basis are nOl c'Jnsistent. 
For example, some reports show no difference between the soluble protein concentration on a 
chlorophyll basis in high N compared to low N plants (Evans, 1983), while other studies report 
that the soluble protein concentration per unit chlorophyll is greater in high N, compared to low 
N plants (Evans and Terashima, 1988). It is likely that this inconsistency between previous 
reports may, to a large extent, be explained by the variability in the influence of N depending on 
both light level and the applied N concentration range that is shown in this study. For example, 
in C. v;talba, applied N influenced soluble protein and RUBISCO activity per unit chlorophyll at 
high light (33%RI to 1 OO%RI) but not low light (3%RI and 10%RI). While at high light, soluble 
protein and RUBISCO activity decreased with increased applied N in the range 0.1 to 2.5 mol 
m-3 and then increased with additional applied N up to 10.0 mol m-3 . 
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To some extent, with regard to N supply, a complex relationship between photosynthetic 
capacity and the chlorophyll content of leaves (similar to that described above) can be 
expected. Both photosynthetic capacity and light capture require N. However, although 
photosynthetic capacity is directly related to the potential for energy utilisation in the 
photosynthetic apparatus, the relationship between light (energy) capture and chlorophyll 
concentration is not linear (Evans, 1989b; Fig. 5.9). Consequently, with a reduction in N, a 
similar reduction in both photosynthetic capacity and chlorophyll concentration is likely to result 
in a potential for light capture in excess of the potential for energy utilisation in photosynthesis. 
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Light (energy) capture in excess of energy utilisation will result in excess energy in the 
photosynthetic apparatus. In the absence of harmless energy dissipation (refer to Chapter 6), 
excess energy will result in photoinhibition and ultimately, damage to the photosynthetic 
apparatus. 
In C. vitalba, as light level increases, the increase in soluble protein and RUBISCO activity per 
unit chlorophyll in plants supplied high N levels (1.0 to 10.0 mol m-3) is distinct from the increase 
in soluble protein and RUBISCO activity per unit chlorophyll that occurs at low N levels. At high 
applied N levels (1.0 to 10.0 mol m-3), the increase in soluble protein and RUBISCO activity on 
a chlorophyll basis is a consequence of a much greater increase in soluble protein and 
RUBISCO activity on an area basis relative to chlorophyll (Fig 5.6). In contrast, at low N levels, 
the increase in soluble protein and RUBISCO activity on a chlorophyll basis is, to a much lesser 
extent due to an increase in soluble protein and RUBISCO activity and instead, is a 
consequence of a large reduction in chlorophyll (Fig. 5.6g, h). From these results it can be 
suggested that when C. vitalba is under severe N limitation, photosynthetic capacity is 
maintained at the expense of chlorophyll. As chlorophyll concentration is not linearly related to 
light energy absorption (Fig. 5.9), a much larger reduction in chlorophyll compared to 
photosynthetic capacity will reduce the likelihood of an energy imbalance leading to 
photoinhibition and ultimately high light damage to the photosynthetic apparatus. Maintaining a 
balance between photosynthetic capacity and light capture at a range of N levels, is likely to be 
an important factor increasing the ability of C. vitalba to survive in an environment where N 
availability is variable. As such, it is likely to be important for the survival of C. vitalba in forest 
margins where a spatial and temporal variation in light level and N availability can be expected. 
5.4.5 SUMMARY AND CONCLUSIONS: 
In Chapter 2, it was suggested that low light level was the most likely factor limiting C. vitalba 
establishment in undisturbed forest. Chapter 2 also however, suggested that C. vitalba was 
capable of at least some acclimation to reduced light levels. In this chapter, the low light 
acclimation potential of C. vitalba was determined. It is shown that C. vitalba does not survive at 
light levels as low as 1 % full sunlight, but can survive at 3% full sunlight and, can achieve 
substantial growth at light levels in the range 10% to 100% full sunlight, with maximum growth 
occurring at 100% full sunlight. It is suggested that the results in this chapter combined with the 
results from Chapter 2, are substantial evidence that light level is the primary factor limiting C. 
vitalba establishment in undisturbed forest. A range of light acclimation characteristics of C. 
vitalba were assessed with regard to the ability of C. vitalba to achieve substantial growth over 
a relatively broad range of light levels. It is concluded that changes in SLA, changes in the 
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partitioning of resources between light capture and photosynthetic capacity and, to a lesser 
extent, changes in leaf dispersion are the primary factors involved in light acclimation of C. 
vitalba. It is suggested that the ability of C. vitalba to survive at light levels as low as 3%RI and 
achieve substantial growth at light levels as low as 10%RI can, to some extent, be related to 3 
main features. Firstly, the ability to increase SLA while maintaining light absorption per unit leaf 
area. Secondly, the ability to reduce photosynthetic capacity on a leaf area and on a chlorophyll 
basis. Thirdly, and to a lesser extent, the ability to minimise potential leaf shading by increasing 
leaf dispersion. It is suggested that the potential for C. vitalba to acclimate to high light and 
achieve maximum growth at 100%RI is enhanced firstly, by increasing leaf thickness and 
therefore leaf toughness and secondly, by increasing photosynthetic capacity on a leaf area 
and chlorophyll basis. With regard to the latter, it is considered to be particularly important that 
C. vitalba can maintain photosynthetic capacity in respect to light capture, even when plants are 
under severe N limitation. From the results of this chapter it is proposed that the light 
acclimation potential of C. vitalba is important in the establishment of C. vitalba in forest gaps 
and forest margins. In particular, it is suggested that the potential for low light acclimation may 
be an important factor resulting in the encroachment of C. vitalba from forest margins into 
undisturbed forest. 
CHAPTER 6 
CAROTENOIDS 
AND THE 
LIGHT ACCLIMATION OF 
CLEMA TIS VITALBA 
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The following corrections to Chapter 6 should be noted: 
Page 128, Table 6.2: 
The light levels in the table should be reversed to read 100%RI, 66%RI, 33%RI, 10%RI and 
3%RI from left to right and as such, match the correct description in the text. 
Page 137, Section 6.4.3: 
The first sentence beginning "In Chapter 5 of this thesis, it was shown that, ... ", should read "In 
Chapter 5 of this thesis, it was shown that, on a chlorophyll basis, potential photosynthetic 
capacity increased with increased light level and with the supply of reduced-N at high light." 
Page 139, line 7: 
The word "exasperate" should be replaced with "exacerbate". 
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6.1 INTRODUCTION 
In Chapter 5, the inability of C. vitalba to survive at 1 % full sunlight and limited growth at 3% full 
sunlight regadless of N availability confirms the suggestion made in Chapter 2 that light level 
was the most likely factor limiting C. vitalba establishment in undisturbed forest. In Chapter 5, it 
was also shown that although maximum growth of C. vitalba occurred at full sunlight (100%RI), 
substantial growth could be achieved at light levels as low as 10% full sunlight (1 O%RI). Often, 
the potential of plants to acclimate to a broad range of light levels can be related to their ability 
to alter the partitioning of resources between light capture and photosynthetic capacity (see 
Chapter 2). Results from Chapter 5 suggest that maintaining a balance between photosynthetic 
capacity and light capture is particularly important in the acclimation of C. vitalba to a range of 
light levels. For example, an increase in light level resulted in an increase in photosynthetic 
capacity per unit chlorophyll and, at high light when plants where under severe N limitation, 
photosynthetic capacity was maintained at the expense of chlorophyll. It is generally considered 
that maintaining a balance between photosynthetic capacity and light capture not only 
increases the likelihood of a positive carbon balance when plants are grown at low light levels, 
but also reduces the likelihood of damage to the photosynthetic apparatus as a result of excess 
light absorption at higher light levels (see Chapter 2 and 5). It has also been suggested that 
changes in the carotenoid content and composition of plants may play an important role both in 
light harvesting and in the protection of the photosynthetic apparatus from damage due to high 
light levels (Siefermann-Harms, 1987; Demmig-Adams, 1990 and references therein). In 
Chapter 2 of this study, it was shown that the total carotenoid pool was greater in C. vitalba 
growing at high light levels compared to low light levels. This may indicate an important role for 
carotenoids in the acclimation in C. vitalba to variable light level and, it is possible therefore, 
that carotenoids are an important factor determining the competitiveness of C. vitalba as an 
invasive weed species. 
The overall aim of this chapter is to determine if the carotenoid composition of C. vitalba is a 
potentially important factor contributing to the successful establishment of C. vitalba in forest 
remnants. This section will briefly outline the structure and location of carotenoids in higher 
plants and then outline their potential roles in either light harvesting or high light protection. 
Finally this section will outline the specific objectives of this chapter. 
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6.1.1 CAROTENOIDS: 
Carotenoids present in the photosynthetic apparatus of higher plants are synthesised in the 
chloroplast. These carotenoids can be divided into two groups, the oxygen-free carotenes and 
the oxygen-containing xanthopPIf!ls (Fig. 6.1 a). In the xanthophylls, oxygen is present as either 
one or several hydroxy or epoxy groups. The total carotenoid pool of higher plants generally 
contains the same major carotenoids, namely ~-carotene, lutein, violaxanthin and neoxanthin. 
In addition, a-carotene, lutein epoxide and ~-cryptoxanthin often occur but are minor 
components (Lichtenthaler, 1987). Zeaxanthin and antheraxanthin are also common 
components, but are an exception in that their rapid synthesis from, and re-conversion back to 
violaxanthin means that they may be present in significant quantities or not present at all, 
depending on the state of the xanthophyll cycle (Goodwin and Britton, 1988) (Fig. 6.1 b). 
In general, there is a clear compartmentalisation of carotenoids within the photosynthetic 
membranes. In the reaction centre proteins of the photosynthetic apparatus (RC), ~-carotene 
and sometimes a-carotene are present, whereas xanthophylls are considered to be absent. In 
the light harvesting proteins of the photosynthetic apparatus (LHC), ~-carotene is less important 
and xanthophylls are the major carotenoids (Siefermann-Harms, 1985; Young, 1991). It is 
unlikely that carotenoids are involved in primary photochemistry or electron transfer. However, 
their function as collectors of light energy used in photosynthesis and their role in protecting the 
photosynthetic apparatus from the destructive effects of light and O2 are well established 
(Siefermann-Harms, 1985). 
6.1.2 THE FUNCTIONS OF CAROTENOIDS IN LIGHT HARVESTING: 
In higher plants both ~-carotene (located in the RC) and xanthophylls (located in the LHC) can 
absorb light energy and transfer this energy to chlorophyll a (Siefermann-Harms, 1985). This 
energy transfer takes place from the singlet state of the carotenoids to the singlet state of the 
chlorophyll (Siefermann-Harms and Ninnemann, 1982; Siefermann-Harms, 1985). Based on 
reports that demonstrate the difficulty in preparing a model system with a high efficiency of 
energy transfer, the observation that the excitation lifetimes of carotenoids is very short and, the 
observation that in situ energy transfer is not affected by low temperatures but is interrupted by 
treatments that affect protein integrity (Dallinger et al., 1981; Siefermann and Ninnemann, 
1982), it has been suggested that a close proximity and highly ordered arrangement of the 
pigments is required for the efficiency of energy transfer between carotenoids and chlorophyll 
(Siefermann-Harms, 1987; Cogdell, 1988). However, as yet, the actual mechanism of this 
singlet-singlet energy transfer has not been confirmed (Siefermann-Harms, 1987). 
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In the blue spectral range, carotenoids are more efficient than chlorophyll at harvesting light 
(Siefermann-Harms and Ninnemann, 1982). It has been suggested that this may be especially 
important for aquatic species where, the natural light environment is enriched in blue-green light 
relative to red light (Jeffrey, 1981). For terrestrial plants, the light harvesting ability of 
carotenoids may be important under a vegetation canopy where, not only are light levels low, 
but also blue-green wavelengths are prevalent relative to red wavelengths (Siefermann-Harms, 
1987; Young and Britton, 1990). 
6.1.3 THE FUNCTIONS OF CAROTENOIDS IN PHOTOPROTECTION: 
PROTECTION FROM DESTRUCTIVE SPECIES: 
For photosynthetic organisms, the presence of carotenoids in their photosynthetic apparatus is 
essential for protecting the cells against harmful effects of light and O2 (Cogdell, 1988). When 
chlorophyll is excited by light a proportion of the molecules become excited to their triplet state 
rather than the more common singlet state. In contrast to singlet excited chlorophyll, triplet 
excited chlorophyll has a suffiCiently long lifetime to interact with other compounds. By far the 
most dangerous of these potential interactions is the reaction of triplet chlorophyll with triplet 
oxygen to form singlet oxygen (Foote, 1976). Singlet oxygen is a powerful oxidising agent 
capable of oxidising many essential cellular components, including chlorophyll, lipids and 
protein, and is therefore toxic to living cells (Cogdell, 1988). Carotenoids, and in particular ~­
carotene in the RC, have the potential to quench these harmful reactions in two ways; either 
they can react directly with singlet oxygen or they can react with triplet state chlorophyll and so 
prevent singlet oxygen production (Foote, 1976). The excited-state carotenoid molecules that 
result from these reactions can harmlessly return to a ground state, producing heat rather than 
any toxic products. Foote (1976) estimated that of all the triplet chlorophyll produced in 
carotenoid containing photosynthetic membranes about 90% is directly detoxified by 
carotenoids and the remaining 10% produce singlet oxygen, which is then also detoxified by 
carotenoids. 
In contrast to the Singlet-singlet energy transfer from carotenoids to chlorophyll (in the light 
harvesting function of carotenoids), the triplet-triplet energy transfer from chlorophyll to 
carotenoids in photoprotection does not depend on a highly ordered structural arrangement of 
pigments. In fact, efficient energy transfer takes place even in organic solutions that contain 
both chlorophyll and carotenoids. It has been suggested that this transfer occurs as the 
relatively long lived triplet state of chlorophyll allows time for significant diffusive movement to 
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occur and this increases the probability of chlorophyll and carotenoids coming into close contact 
(Siefermann-Harms, 1987). 
THE XANTHOPHYLL CYCLE AND ENERGY DISSIPA nON: 
In higher plants non-radiative dissipation of light energy is thought to playa major role in 
protecting plants from damage to the photosynthetic apparatus that can occur when the 
availability of light energy exceeds the plants use of this energy in photosynthesis (Demmig-
Adams, 1990; Gilmore and Yamamoto, 1993). Non-radiative dissipation of energy can be 
observed as non-photochemical chlorophyll fluorescence quenching (NPQ). The major 
component of NPQ is the 'high energy', or rapidly reversible NPQ. Energy dissipation through 
NPQ has been directly associated with lumen proton concentration and the formation of a 
trans-thylakoid pH gradient (Briantais et al., 1979). More recently, Demmig et al. (1987) 
demonstrated a strong correlation between the presence of zeaxanthin and the energy 
dissipation as NPQ within the LHC and from this they suggested that zeaxanthin has an 
important role in energy dissipation. Further work has supported this suggestion and has shown 
that the majority of rapidly reversible NPQ observed in higher plants is directly related to the 
amount of zeaxanthin produced through the operation of the xanthophyll cycle (Adams et al., 
1990; Bilger and Bjorkman, 1990; Gilmore and Yamamoto, 1991; Demmig-Adams and Adams, 
1992b). 
The xanthophyll cycle consists of the rapid enzymatic inter-conversion between violaxanthin 
(diepoxyzeaxanthin), antheraxanthin (monoepoxyzeaxanthin) and zeaxanthin (dihydroxy ~,~­
carotene) through de-epoxidation and epoxidation reactions (Demmig-Adams and Adams, 
1992a) (Fig. 6.1 b). In leaves subject to low or no light, violaxanthin levels are usually high and 
antheraxanthin and zeaxanthin levels low. On exposure to high light, violaxanthin undergoes a 
two step enzymatic de-epoxidation via antheraxanthin to zeaxanthin (Fig. 6.1 b), resulting in the 
accumulation of zeaxanthin at the expense of violaxanthin. The de-epoxidase enzyme 
responsible for this reaction has a pH optimum of 5.2 suggesting that its location may be on the 
lumen side of the thylakoid membrane, whereas the epoxidase enzyme responsible for the 
reverse reaction has a pH optimum of 7.0, suggesting that it is located on the stromal side of 
the membrane (Young, 1991). 
The major factor affecting lumen pH is illumination. It is generally considered that an excess of 
light absorption above energy utilisation in photosynthesis results in an excess of protons on 
the lumen side of the thylakoid membrane and as a result, a decrease in lumen pH that favours 
the de-epoxidation reaction and the accumulation of zeaxanthin (Demmig-Adams, 1990). The 
exact role of the trans-thylakoid pH gradient and the xanthophyll cycle in NPQ has not been 
completely resolved however, there have been several mechanisms proposed. Schreiber and 
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Neubauer (1990) proposed that zeaxanthin, that accumulates in response to a thylakoid pH 
gradient, can increase energy dissipation by stabilising the triplet carotenoid state, which then 
allows for the quenching of singlet chlorophyll. An alternative hypothesis proposed by Horton et 
al. (1991), suggests that the decrease in thylakoid lumen pH leading to the production of 
zeaxanthin results :n an increased aggregation of the LHC. This aggregation then provides a 
more efficient pathway for non-radiative dissipation of excitation energy. More recently, 
Yamamoto et al. (1994) suggested a hybrid of these two hypothesis. They suggested that 
localised pH changes could bring about conformational changes to the thylakoid membrane, 
and that these changes may then bring zeaxanthin and antheraxanthin into close contact with 
chlorophyll in the LHC which then allows direct quenching of singlet state chlorophyll to occur. 
6.1.4 OBJECTIVES: 
The objectives of this chapter were: 
• To determine the influence of variable light level and N nutrition on the carotenoid 
composition of C. vitalba. 
• To determine if the influence of light and N on carotenoids in C. vitalba is consistent with the 
specific roles proposed for carotenoids in the photosynthetic apparatus of higher plants in 
general. 
• To compare the carotenoid composition of C. vitalba to the carotenoid composition reported 
for other species. 
• To determine if the influence of light and N on the carotenoids in C. vitalba and the 
carotenoid composition of C. vitalba in general can, to some extent, explain the 
successfulness of C. vitalba as an invasive weed in forest remnants. 
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6.2 MATERIALS AND METHODS 
6.2.1 PLANT MATERIAL AND EXPERIMENTAL CONDITIONS: 
Experiment 1 in this chapter was the same as the experiment described in Chapter 5. Leaf 
chlorophyll fluorescence measurements (described below) were carried out on the latest fully 
expanded leaves, just prior to dawn, 1 day before the leaf samples were collected for pigment 
analysis. The collection of leaf samples for pigment analysis is described in Chapter 5. 
The plant material, growth conditions and, experimental design and analysis in experiment 2 
were the same as those described in experiment 1 with the exception that in experiment 2 there 
was 4 light levels closely approximating; 100, 33, 10 and, 3%RI and 3 rates of applied N; 0.5, 
1.0 and, 5.0 mol m·3. Plants were grown under these conditions for a total of 50-55 days from 
the 10th of December 1993. At the end of this growing period, all plants were removed from 
under the experimental light levels and placed in the dark at 20-25°C. After 12 hours in the 
dark, a leaflet was removed for pigment analysis (see leaflet sampling method outlined in the 
HPLC method below). After this initial sampling, plants were transferred to high light levels 
(2000 Ilmol photons m·2 S-l) (see high light treatment below). Additional leaflet samples were 
then taken from each plant after 0.25, 0.5, 1.0, 1.5 and 2.0 hours following the transfer to high 
light. After 2 hours at high light plants were then transferred to low light conditions «15Ilmol 
photons m-2 S-l). Further leaflet samples were then taken after 0.25, 0.5, 1.0, 1.5,2.0,4.0, 6.0 
and 8.0 hours under these low light conditions. 
Plants material in experiment 3 was collected from species growing on the Lincoln University 
Campus, Canterbury, New Zealand on 28th of March 1994. Plants were either growing in full 
sun (up to 2000 Ilmol photons m-2 S-l) or natural shade (up to 200 to 500 Ilmol photons m-2 s-\ 
Triplicate leaf samples were taken from each plant. The collection of leaf samples was carried 
out using a similar method to the collection of leaflets described in experiment 2. 
6.2.2 ANALYTICAL TECHNIQUES: 
HIGH LIGHT TREA TMENT: 
In the high light treatment in experiment 2, a light level of 2000 Ilmol photons m-2 S-l at the leaf 
surface was supplied by two 2000 wand two 400 w, Philips HPI-T III 2D mercury lamps. Air 
temperature around the plants was maintained in the range 20-25°C by forced air circulation 
across the plants and a cooled-water/glass layer positioned between the lamps and the plants. 
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CHLOROPHYLL FLUORESCENCE MEASUREMENTS: 
In experiment 1, chlorophyll fluorescence was measured at room temperature using a portable, 
time-resolving fluorimeter (Plant Effici. ncy Analyser (PEA), Hansatech Instruments Ltd). 
Fluorescence measurements were taken on the upper surface of leaves following 5 minutes 
dark adaptation in the PEA leaf clip and data were collected during 5 seconds exposure to 2000 
f.lmOI photons m-2 S-1 red light (peak wavelength 650 nm). The ratio of variable fluorescence to 
maximum fluorescence (FjFm) was automatically calculated by the PEA. 
ANAL YSIS OF LEAF PIGMENTS BY HIGH PRESSURE LIQUID CHROMATOGRAPHY 
(HPLC): 
Collection of leaf samples: 
Individual leaflets were removed from fully expanded leaves. Leaf area was measured using a 
portable leaf area meter (model CI-201, CID corporation, USA.). Leaflets were then wrapped in 
aluminium foil and immersed in liquid nitrogen. Samples then remained in the dark and frozen 
until pigment extraction. The time period from the removal of leaflets from the plant until 
freezing in liquid nitrogen was between 10 and 15 seconds. 
Pigment extraction: 
To extract pigments, leaflets were ground in liquid nitrogen in a mortar followed by grinding in 
cold acetone (100%). The extract was quantitatively transferred with successive small volume 
rinses of the mortar and pestle to centrifuge tubes that had previously been flushed with 
nitrogen gas. The centrifuge tubes were then capped and stored in the dark at -20°C for 
around 15 minutes prior to centrifugation at 5000 x g for 5 minutes. The supernatant was 
transferred to a second nitrogen gas flushed centrifuge tube and the remaining pellet re-
extracted with a small volume of acetone to ensure full extraction of pigments. The acetone 
supernatants from the initial extraction and re-extraction were combined and the total extract 
volume measured. A 1.0 ml sample of the extract was filtered through a 0.45 f.lm syringe filter 
into a small HPLC injection vial. Vials were then capped and stored in the dark at -20°C until 
HPLC analysis. Injection of HPLC samples occurred within 30-45 minutes following the 
extraction procedure. All extraction procedures were carried out in dimmed light. 
Chromatography (HPLC): 
Chromatography was carried out on a 100 mm x 8 mm Waters Novapak C18 radial compression 
column (4 f.lm particle size), preceded by a C18, 4 f.lm particle size guard column. Samples of 20 
f.ll were injected into a Waters 717 plus Autosampler and the mobile phase pumped by a 
(A) 
(8) 
'·"1 ,.,,~ a 
.'.1O~ ~I i j ~; E 1:" . 
on 
.. 
... 
.. 
i 
I 
I ... o 
.. 
o 
.. 
i 
0.05 1 ~r~7 ~ I 11\ \ JI ~:: 
.. oop I i-~~--~ l1J .-------...cl_----1 
.J 
.J 
I 
0. 20 1 
i ] 
0. 151 
~ j 
0( 0. 101 
-1 
I I 
2.00 4.00 6.00 8.00 10.00 
Minutes 
I I 
2.00 4.00 6.00 
Minutes 
I 
8.00 
~ 
... 
~ 
.. 
o 
'" 3 
.. 
u 
r-
on 
... 
.. 
I 
B 
.. 
o 
'" .. 
't 
.., 
o 
:= 
10.00 
Figure 6.2 Representative HPLC chromatograms showing the absence of significant 
quantities of zeaxanthin in dark adapted leaves (A) and the presence of 
zeaxanthin after the exposure of leaves to high light (8). 
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Waters 600-MS pump at a flow rate of 2.0 ml minute-'. The column was equilibrated prior to 
injection of each sample with 100% solvent A (acetonitrile:methanol 85: 15). The pigments were 
eluted with 100% solvent A for 5 minutes to elute all xanthophylls; including the resolution of 
lutein from zeaxanthin (Fig 6.2); followed by a 1 minute linear gradient to 100% solvent 8 
(methanol:ethyl acetate 68:32) to elute chlorophyllb and chlorophyll a, followed by a 1 minute 
exponential gradient to 100% solvent C (ethyl acetate:hexane 50:50) to elute p-carotene. 
126 
Typical working pressure of the pump was around 600 to 800 psi. All solvents were HPLC 
grade (BDH HiPerSolv, BDH Laboratory Supplies). The pigments were detected by their 
absorbance at 445 nm with a Water 996 Photodiode Array Detector. Peak integration was 
carried out using Millennium 2010 Chromatography Manager version 2.0 software (Millipore 
Corporation). Pigment quantification was carried out by injecting known quantities of freshly 
purified pigment standards (Appendix 2). 
Preparation of pigment standards: 
Pigment quantification was carried out using pigment standards obtained through TLC. Fresh 
leaves of C. vitalba were ground in liquid nitrogen and then in 100% acetone and the extract 
was filtered through a sintered glass Buchner funnel. Around 50 ml of pigment extract was 
combined with 30 ml of petroleum ether (40-60°C) in a separation funnel. Around 50 ml of NaCI 
in water (10% w/v) was added to the funnel and the contents mixed, allowed to separate and 
the lower fraction containing water and acetone removed. The addition and subsequent 
removal of NaCI solution was repeated 4 to 6 times before the pigment containing pet ether 
fraction was collected. The pet ether fraction was concentrated to around 10 ml under nitrogen 
gas and stored in the dark at -20°C until chromatography. 
Chromatography (TLC) was carried out on aluminium backed, pre-coated, 0.25 mm layer 
thickness silica gel TLC plates (Silica gel 60 F254 , 20 x 20 cm, Merck) using a mobile phase of 
pet ether (40-60 °C):1 ,4, dioxan:isopropanol in a ratio of 70:30: 1 0 (Lichtenthaler, 1987) (Plate 
6.1). Pigment bands were cut from the plate and pigments removed with 100% ethanol 
(xanthophylls and carotenoids) or 100% acetone (chlorophylls). Pigments were identified from 
RI values (Lichtenthaler, 1987) and by comparison of absorbance spectrum and absorbance 
peaks (Rowan, 1992). The concentration of purified standards was determined 
spectrophotometrically using published absorbance coefficients with the exception of 
zeaxanthin which was not separated by TLC (Table 6.1). The purity of standards was also 
confirmed by HPLC analysis. Known quantities of pigment standards were analysed by HPLC 
to determine the quantity of pigment represented by the integration area (Table 6.1). 
Plate 6.1 
Table 6.1 
Pigment 
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Lutein 
Antheraxanthin 
Violaxanthin 
Neoxanthin 
Thin layer chromatography (TLC) plate showing the separation of chlorophylls 
and carotenoids. The purified pigments were used as standards in the 
quantification of the HPLC pigment separations. The purified chlorophylls were 
also used to test the photometric equations used in Chapter 2. 
The solvent, absorbance peak and extinction coefficient used to quantify pigment 
standards separated by TLC and, the factor for the conversion from HPLC 
integration units to mols of pigment, calculated from the HPLC analysis of known 
quantities of standard. Extinction coefficients are from Smith and Benitez, 1955 
(A), Davies, 1976 (B), Hager and Meyer-Bertenrath, 1966 (C) . * = Conversion 
factor used is the same as for Lutein. 
Absorbance Molar HPLC Conversion 
Peak Extinction factor. 
Solvent (nm) Coefficient pmol pigment (!lv.s·'r' 
(x10-4) 
Chlorophylla 80% acetone 660.8 90.2A 7.4988 
Chlorophyllb 80% acetone 642.6 56.3A 6.0939 
Antheraxanthin 100% ethanol 444.0 2350c 3.1458 
j3-Carotene 100% ethanol 450.0 2620s 3.4830 
Lutein 100% ethanol 445.0 2550s 3.0585 
Neoxanthin 1 00% ethanol 439.0 2243s 3.3949 
Violaxanthin 1 00% ethanol 440.0 2550s 3.1619 
Zeaxanthin * 3.0585 
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6.3 RESULTS 
In experiment 1, the concentration of N applied during the growth of C. vitalba did not influence 
the ratio of variable fluorescence to maximum fluorescence (FjFm) nor did it alter the 
concentration of carotenoids (lutein, xanthophyll cycle pigments (V+A+Z), ~-carotene, and 
neoxanthin) or chlorophyllb on a chlorophyll basis. Also, in experiment two, the concentration of 
N applied during growth did not alter the subsequent affect on carotenoids and chlorophyllb 
concentration per unit chlorophyll of exposure to high light (2000 ~mols photons m-2 S-l) 
followed by low light «15 ~mols photons m-2 S-l). Consequently, the results presented for both 
experiment 1 and experiment 2 are pooled values of all applied N treatments. 
Table 6.2 
FjFm 
The influence of light level on the ratio of variable fluorescence to maximum 
fluorescence (FjFm) and total carotenoids. Numbers in parenthesis are 1 
standard error of the mean of values pooled from all N treatments (n = 24). 
Light Level 3%RI 10%RI 33%RI 66%RI 100%RI 
ratio 0.77 0.79 0.80 0.82 0.83 
(0.01 ) (0.01 ) (0.01 ) (0.01 ) (0.01 ) 
Total carotenoids mmol morl 439 419 367 270 236 
chlorophyll (6.1 ) (4.9) (5_6) (7.7) (7.6) 
In experiment 1, as light level increased from 3%RI to 100%RI, FjFm decreased slightly, but 
significantly from 0.83 to 0.77 (Table 6.2). Over the same light range, total carotenoids (lutein + 
violaxanthin (V) + antheraxanthin (A) + zeaxanthin (Z) + ~-carotene + neoxanthin) nearly 
doubled, increasing from 236 mmol mor1 chlorophyll to 439 mmol mor1 chlorophyll (Table 6.2). 
Figure 6.3 shows the relationship between individual components of the total carotenoid pool 
and total chlorophyll. In general, as light level increased (3%RI to 1 OO%RI) there was an 
increase in the concentration of lutein, V+A+Z and ~-carotene on a chlorophyll basis whereas, 
regardless of light level, the relationship between neoxanthin and chlorophyll concentration 
remained constant. On average for all N treatments, increased light level from 3%RI to 100%RI 
increased lutein, V+A+Z and ~-carotene concentration from around 110, 55 and 25 mmol mor1 
chlorophyll to around 165, 155 and 70 mmol mor1 chlorophyll respectively. Regardless of light 
level, neoxanthin concentration was around 39 mmol mor1 chlorophyll. 
All components of the total carotenoid pool were not influenced by increased light level to the 
same extent (Fig 6.3). Consequently, the relative contribution of each carotenoid component to 
the total carotenoid pool changed with light level (Fig. 6.4). In general, with increased light level 
from 3%RI to 100%RI, V+A+Z and ~-carotene increased as a proportion of the total carotenoid 
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pool from 10.9% and 23.9% to 16.4% and 36.7% respectively. In comparison, over the same 
light range, lutein and neoxanthin decreased as a proportion of the total carotenoid pool from 
47.8% and 17.5% to 38.3% and 8.7% respectively. Despite these changes, lutein followed by 
the V+A+Z remained the dominant components of the total carotenoid pool at all light levels 
(Fig. 6.4). 
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The relationship between the concentration of chlorophyll and the concentration 
of neoxanthin (A), lutein (8), xanthophyll cycle pigments (V+A+Z) (C) and, ~­
carotene (D) of leaves from C. vitalba supplied different concentrations of nitrate 
at light levels of 100%RI (0 ). 66%RI (D ), 33%RI (6), 10%RI (\7) and, 3%RI (0). 
The regression equations are presented in Appendix 11. The dotted lines 
represent 95% confidence intervals for the regression lines when the regression 
is significant ( probability (P) value <5%). Each point represents a single 
observation. 
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The concentration (on a chlorophyll basis) of chlorophyllb, lutein, V+A+Z, p-carotene and, 
neoxanthin during the high/low light treatment (exposure to 2000 ~mols photons m-2 S-l for 2 
hours followed by exposure to <15 ~mols photons m-2 S-l for 8 hours) in experiment 2 is shown 
in Figure 6_5_ Regardless of the light level that C. vitalba was acclimated to, the high/low light 
treatment resulted in a change in the composition (de-epoxidation state) of the V+A+Z pool, but 
did not affect the concentration of V+A+Z, nor did it affect the concentration of the lutein, 
p-carotene, neoxanthin and, chlorophyllb (Fig. 6.5). 
Figure 6.4 
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C. vitalba grown at a range of light levels. Numbers on the bars represent the 
actual percentage values for each carotenoid component. Numbers in 
parenthesis are 1 standard error of the mean (n = 24). 
During the first 15 minutes of exposure to high light, the de-epoxidation state of the V+A+Z pool 
increased from close to zero to between 60% and 70%. Additional exposure to high light for up 
to a total of 2 hours, resulted in little or no further change in the extent of de-epoxidation. In all 
treatments the maximum de-epoxidation state was between 65% and 70% (Fig. 6.5). For 
C. vitalba acclimated to 10%RI, 33%RI and 100%RI, exposure to low light following the high 
light treatment resulted in a reduction in the de-epoxidation state of the V+A+Z pool (Fig. 6.5). 
This reduction in de-epoxidation was less rapid than the de-epoxidation that occurred when 
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The influence of 2 hours at high light (2000 ~mol photons m·2 S·l) followed by 8 
hours at low light «15 ~mol photons m-2 S-l) on, the concentration of chlorophyllb 
(0), lutein (6), xanthophyll cycle pigments (V+A+Z) (v), fl-carotene (0) and, 
neoxanthin (0) on a chlorophyll basis and, the de-epoxidation state of the 
xanthophyll cycle pigment pool (_) of leaves from C. vitalba grown at light levels 
of 100%RI (A), 33%RI (8), 10%RI (C) and, 3%RI (0) . Error bars for the de 
-epoxidation-state values are 1 standard error of the mean (n = 4). 
C. vitalba was initially exposed to high light. For example. after 15 minutes of low light 
treatment. the de-epoxidation state was still at least 60% and after 1 hour of exposure to low 
light. de-epoxidation had decreased to around 40%. A further reduction in the de-epoxidation 
state was even more gradual, with a reduction in de-epoxidation to the level that occurred prior 
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to the initial high light treatment not occurring until after 6 to 8 hours of exposure to low light 
(Fig. 6.5a,b,c). In contrast to C. vitalba grown at higher light levels, in C. vitalba acclimated to 
3%RI, exposure to low light, following the high light exposure did not result in the complete 
removal of de-epoxidation products. Instead, the de-epoxidation state did not decline below 
50% even after 8 hours exposure to low light (Fig. 6.5d). 
The carotenoid composition and chlorophyll a:b ratio of a range of species growing in the 
natural environment either under natural shading from a vegetation canopy (shade-grown) or in 
direct sunlight (sun-grown) are shown in Table 6.3. The V+A+Z pool concentration was 
consistently higher in sun-grown species compared to shade-grown species. On average, the 
concentration of V+A+Z was around 2 times greater in sun-grown compared to shade-grown 
species. Maximum V+A+Z concentration occurred in sun-grown Fuchsia excorticata 
(121.4 ± 1.83). In general, ~-carotene concentration was higher in sun-grown compared to 
shade-grown species. On average, the ~-carotene concentration was around 1.4 times greater 
in sun-grown compared to shade-grown species. The maximum ~-carotene concentration 
occurred in sun-grown Cedrus atlantica (182.4 ± 1.82 mmol mor1 chlorophyll). On average, 
there was little 
Table 6.3 Carotenoid composition and chlorophylla to chlorophyllb ratio of a range of 
species (A) and for C. vitalba (8) growing under full sun (1800 Ilmol photon 
m ·2 s_1) or under shade conditions (200 - 500 Ilmol photon m ·2 s .1) at Lincoln 
University, Canterbury, New Zealand. Numbers in parenthesis are 1 standard 
error of the mean (n = 3). 
(A) 
V+A+Z l3-carotene lutein neoxanthin chlorophyll 
a:b ratio 
sun-grown mmol carotenoid mor total chlorophyll mol mor 
Cedrus atlantica 90.5 (1.42) 182.4 (1.82) 254.7 (4.21) 43.0 (0.93) 4.58 (0.09) 
Sophora tetraptera 98.3 (2.11 ) 130.0 (2.32) 215.2 (5.33) 39.7 (1.07) 3.59 (0.06) 
Fuchsia excorticata 121.4 (1.83) 107.8 (1.21) 176.9 (2.62) 39.7 (1.10) 3.29 (0.10) 
Celmisia spectabilis 105.5 (1.22) 106.6 (1.10) 154.6 (2.47) 39.6 (0.81) 3.31 (0.05) 
Hebe salicifolia 84.1 (1.50) 105.0 (1.62) 142.5 (1.98) 40.7 (1.50) 2.98 (0.03) 
shade-grown 
Buddleja alternifolia 54.8 (1.10) 85.8 (0.92) 127.9 (3.24) 40.4 (0.74) 2.92 (0.03) 
Narcissus pseudonarcissus 65.2 (0.98) 79.1 (1.13) 191.8 (4.63) 43.0 (1.04) 3.07 (0.04) 
flex aquifolium 56.6 (1.12) 95.2 (1.12) 162.9 (4.12) 43.3 (0.93) 2.64 (0.04) 
Podocarpus totora 57.2 (1.01 ) 99.2 (0.81) 188.6 (2.93) 43.8 (0.85) 2.72 (0.03) 
Pittosporum eugeniodes 37.1 (0.96) 99.0 (0.69) 155.1 (4.17) 42.7 (1.14) 2.48 (0.05) 
Hedera helix 60.1 (1.27) 102.0 (1.52) 146.4 (2.24) 39.5 (1.01 ) 2.68 (0.03) 
(8) 
Clematis vitalba 
sun-grown 150.0 (1.49) I 80.1 (2.21) I 160.6 (3.11) I 39.4 (1.01 ) 2.89 (0.05) 
shade-grown 80.0 (1.22) I 48.1 (1.74) I 141.0 (2.37) I 39.9 (0.87) 2.78 (0.03) 
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difference between the lutein and neoxanthin composition between sun- and shade-grown 
species. However, in comparison to neoxanthin, which was not significantly different between 
species and was in the range 39.5 ± 1.01 to 43.8 ± 0.85 mmol mor1 chlorophyll, there was a 
significant difference in lutein concentration between species. The highest lutein concentration 
in sun-grown Cedrus atlantica (254.7 ± 254.7 mmol mor1 chlorophyll) was around 2 times 
greater than the lowest lutein concentration that occurred in shade-grown Buddleja atlernifolia 
(127.9 ± 3.24 mmol mor1 total chlorophyll). On average, the chlorophyll a:b ratio was higher in 
sun grown compared to shade grown species. Maximum chlorophyll a:b ratio occurred in sun-
grown Cedrus atlantica (4.58 ± 0.09) while the minimum chlorophyll a:b ratio occurred in shade-
grown Pittosporum eugeniodes (2.48 ± 0.05). 
In comparison to species grown under similar natural sun or shade conditions, both sun-grown 
and shade-grown C. vitalba had a higher V+A+Z concentration and a lower ~-carotene 
concentration than all other species from comparative sun or shade environments (Table 6.3). 
On average, the V+A+Z concentration of C. vitalba was around 1.5 times greater in sun- and 
shade-grown C. vitalba than the V+A+Z concentration in other species from comparable light 
environments. In comparison, the ~-carotene concentration was around 1.5 times larger for the 
average sun-grown species and 2 times larger for the average shade-grown species compared 
to C. vitalba from similar light environments (Table 6.3). In contrast to V+A+Z and ~-carotene, 
the lutein and neoxanthin composition of C. vitalba was within the range of all other species. 
The chlorophyll a:b ratio of C. vitalba was relatively low and for both sun- and shade-grown C. 
vitalba, the chlorophyll a:b ratio tended to be in the range that occurred in shade-grown 
species. 
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6.4 DISCUSSION 
In Chapter 2 it was shown that the carotenoid concentration of C. vitalba leaves was greater in 
plants growin~ in full sunlight compared to shade conditions. From this and a range of other 
light acclimation characteristics (investigated in Chapter 5) it was suggested that carotenoids, 
may also play an important role in the acclimation of C. vitalba to a range of light levels. In this 
chapter, the influence of light level and applied N level on the carotenoid composition of 
C. vitalba is investigated. In this section, the results are discussed firstly with regard to the role 
of carotenoids in the photosynthetic apparatus of higher plants in general and then with regard 
to the role of carotenoids in light acclimation of C. vitalba. It is suggested that the carotenoid 
composition of C. vitalba reflects a photosynthetic apparatus with features consistent with both 
low-light and high-light adapted species. It is proposed that this combination of characteristics, 
and in particular the large xanthophyll cycle pigment pool, may be important in the 
establishment of C. vitalba in forest remnants. 
6.4.1 THE CAROTENOID COMPOSITION OF CLEMATIS VITALBA: 
In C. vitalba, the total carotenoid pool on a chlorophyll basis increased with increased light level 
but was not influenced by applied N level (Table 6.2). Previous reports on the influence of N on 
carotenoid concentration appear to be limited. However, an increase in the total carotenoid pool 
in plants grown at high light compared to low light, similar to that shown by C. vitalba, is almost 
universal (Demmig-Adams et al., 1990; Thayer and Bjorkman, 1990; Young and Britton, 1990). 
In the present study, the change in carotenoid concentration on a chlorophyll basis with a 
change in light level but not N level is consistent with the results of Terashima and Evans 
(1988) who suggested that although both N nutrition and growth irradiance altered the amount 
of thylakoid membranes, only growth irradiance influenced their composition. 
In C. vitalba, the total carotenoid pool size increased with increased light level. However, 
increased light level did not increase all components of the total carotenoid pool to a similar 
extent. As a consequence, increased light level resulted in a change in the composition of the 
total carotenoid pool (Fig. 6.4). Previous reports on the influence of light on xanthophyll cycle 
pigments, p-carotene and, neoxanthin are in general consistent with the influence of light on 
these pigments in C. vitalba (Fig. 6.3). That is, as light level increases there is an increase in 
the concentration of both xanthophyll cycle pigments and p-carotene, while the concentration of 
neoxanthin remains relatively unaffected (Demmig-Adams and Adams, 1992a, b). With the 
exception of Thayer and Bjorkman (1990) who reported a consistent increase in lutein 
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concentration in plants grown at high light compared to low light, reports on the influence of 
light on lutein are generally inconclusive (Oem mig-Adams and Adams, 1992a, b). The results of 
this study are, in general consistent with those of Thayer and Bjorkman (1990), in that there is 
an increase in the concentration of lutein in C. vitalba grown at high light (33%RI to 100%RI) 
compared to those at 10\A/ light (3%RI and 10%RI) (Fig. 6.3b). 
6.4.2 THE FUNCTION OF CAROTENOIDS IN THE PHOTOSYNTHETIC 
APPARATUS OF CLEMATIS VITALBA: 
With regard to the role of carotenoids in the photosynthetic apparatus, it is generally considered 
that neoxanthin and lutein act as accessory pigments in light harvesting and predominantly 
occur in the light harvesting complexes (LHCs) rather than the reaction centres (RCs) of the 
photosynthetic apparatus (Siefermann-Harms, 1985; 1987). For carotenoids to function 
effectively as an accessory pigment, capable of efficiently harvesting light for photosynthesis, a 
highly ordered arrangement of the carotenoid relative to chlorophyll is required (Siefermann-
Harms, 1987; Frank et al., 1991). In the present study, the unchanging concentration of 
neoxanthin on a chlorophyll basis, regardless of light level (Fig. 6.3a), and the relatively 
unchanging concentration of neoxanthin on a chlorophyll basis that appears to occur even 
across species (Table 6.3; Table 6.4) are consistent with a highly ordered system and as such, 
consistent with the possible function of neoxanthin as a light harvesting pigment. The 
relationship between neoxanthin and chlorophyll shown in this study could have an important 
application in determining the structure of the LHCs and an important application in determining 
the mechanisms involved in the transfer of energy from LHCs to RCs. 
In contrast to neoxanthin, the concentration of lutein in C. vitalba is influenced by light level 
(Fig. 6.3a,b) and appears to be more consistent with the influence of light on xanthophyll cycle 
pigments and ~-carotene (Fig. 6.3c,d ). As such, the influence of light on lutein appears to be 
more consistent with the influence of light on the pigments associated with high light protection 
(xanthophyll cycle pigments and ~-carotene), rather than the highly ordered chlorophyll to 
carotenoid relationship associated with a light harvesting pigment (Siefermann-Harms, 1987; 
Frank et al., 1991). As lutein is primarily associated with LHCs, then the reduction in lutein that 
occurs in C. vitalba at low light (Fig. 6.3b) must be a result of either a reduction in the quantity 
of LHCs relative to RCs or, a reduction in the lutein to chlorophyll ratio within the LHCs. A 
reduction in LHCs relative to RCs with decreased light would seem unlikely for two main 
reasons. Firstly, rather than a decrease in LHC relative to RC, a decrease in light level is 
generally associated with either no change or an increase in LHC relative to RC (Bjorkman, 
1981; Lichtenthaler, 1985; Young and Britton, 1990). Secondly, similar to lutein, both 
136 
Table 6.4 
V+A+Z 
~-carotene 
Lutein 
Neoxanthin 
Chlorophyll 
a:b 
ratio 
Chlorophyll a to chlorophyllb ratio and carotenoid concentration of a range of 
species from different light environments (From: Demmig-Adams and Adams 
(1992a)). 
Deep s.hade I Evergreen shrubs and Crop species 
species , vines 
shade sun shade sun sun (liquid 
culture) 
max. 45.0 119.0 62.0 148.5 161.5 
min. 26.1 82.9 34.7 90.7 133.4 
mean 32.6 106.3 40.3 124.3 146.8 
max. 47.8 88.6 67.4 116.0 138.0 
min. 22.4 77.6 33.9 86.8 114.0 
mean 33.7 82.2 50.4 106.4 120.7 
max. 144 203 168 187 194 
min. 127 121 137 121 119 
mean 135 170 156 150 157 
max. 43.9 48.3 39.8 42.2 41.6 
min. 37.8 41.6 43.8 35.7 34.7 
mean 41.3 43.9 40.5 38.5 38.1 
max. 2.86 3.63 2.93 3.90 4.42 
min. 2.21 2.75 2.44 3.16 3.98 
mean 2.54 3.14 2.66 3.59 4.15 
neoxanthin and chlorophyllb are also associated with LHCs (Siefermann-Harms, 1987) and a 
reduction in LHCs relative to chlorophyll would be expected to also be associated with a 
reduction in neoxanthin concentration on a chlorophyll basis and an increase in the chlorophyll 
a:b ratio. However, in C. vitalba (Fig. 6.3a; Fig. 6.5 and Chapter 5) this does not appear to be 
the case. The alternative suggestion, that decreased light level reduces the concentration of 
lutein within the LHCs of C. vitalba, would appear to contradict the suggestion that light 
harvesting by carotenoids is increasingly important at low light levels (Siefermann-Harms, 1987; 
Young and Britton, 1990). The influence of light on lutein concentration in C. vitalba would 
suggest that the importance of lutein as a light harvesting pigment must be questioned. It is 
possible that the primary role of lutein is not as a light harvesting pigment and that either, lutein 
has an increased importance at high light (eg. a role in high light protection) or, that the 
reduction in lutein concentration at low light is a reflection of more important changes in the 
LHCs with regard to their light harvesting potential (eg. structural changes in the LHC or 
thylakoid membrane). 
The increase in xanthophyll cycle pigments and ~-carotene with increased light level in 
C. vitalba (Fig. 6.3c,d) is consistent with the suggested role of these pigments in high light 
protection (Demmig et al., 1988, 1989; Demmig-Adams. 1990; Thayer and Bjorkman. 1990; 
Young and Britton, 1990). The role of ~-carotene in protection from the destructive effects of 
triplet chlorophyll and singlet oxygen in the RC and the relationship to high light levels is well 
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understood (Siefermann-Harms, 1987; Young, 1991). In general, the production of triplet 
chlorophyll leading to the potentially damaging production of singlet oxygen will occur 
regardless of light level. As light level and hence light excitation of chlorophyll increases, the 
potential production of singlet oxygen also increases. It can be considered that the increase in 
~-carotene in C. vitalba at high light levels is simply a reflection of an increased requirement for 
the quenching of triplet state chlorophyll and singlet state oxygen. 
In comparison to ~-carotene, the relationship between the xanthophyll cycle pigments and high 
light protection is less well understood. Although there is no consensus on how, or even if the 
operation of the xanthophyll cycle is directly involved in high light protection, it is generally 
accepted that there is a close relationship between the de-epoxidation state of the xanthophyll 
cycle pigment pool and the harmless dissipation of energy from the photosynthetic apparatus. 
And, that the extent of this energy dissipation is directly proportional to the quantities of the 
de-epoxidation products antheraxanthin and zeaxanthin (Demmig et al., 1988; Bilger and 
Bjorkman, 1990). In C. vitalba, there was no difference in either the rate or extent of the 
de-epoxidation of the xanthophyll cycle pigment pool on exposure to high light (Fig. 6.5). 
Therefore, it can be expected that for C. vitalba, the potential for xanthophyll-cycle-dependent 
energy dissipation is accurately reflected by the size of the xanthophyll cycle pool. 
6.4.3 THE XANTHOPHYLL CYCLE IN CLEMATIS VITALBA: 
In Chapter 5 of this thesis, it was shown that, on a chlorophyll basis, potential photosynthetic 
capacity increased with increased light level and with reduced N supply at high light. It was 
suggested that the primary function of this increase in photosynthetic capacity (both with 
increased light and reduced N) was to maintain a balance between light-energy capture by 
chlorophyll and light-energy utilisation in photosynthesis. It was suggested that maintaining this 
balance was an important factor in reducing the risk of high light damage. In this chapter, 
(similar to photosynthetic capacity in Chapter 5) there is an increase in the concentration of 
xanthophyll cycle pigments on a chlorophyll basis as light level increases (Fig. 6.3) but, 
(in contrast to photosynthetic capacity in Chapter 5) no increase in the concentration of 
xanthophyll cycle pigments occurred as applied N level declined. Despite there being no 
change in the size of the xanthophyll cycle pigment pool with reduced applied N level and 
therefore, no change in the potential for energy dissipation, there was also no change in the 
ratio of dark adapted variable fluorescence to maximum fluorescence (FjFm) (Table 6.2). An 
increase in dark adapted FjFm would indicate photoinhibition and damage to the photosynthetic 
apparatus (Demmig-Adams, 1990; Krause and Weis, 1991). From these results it can be 
suggested that in C. vitalba, growing under high light and variable N nutrition, the primary factor 
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involved in acclimation of the photosynthetic apparatus is the maintenance of a balance 
between light-energy capture (by chlorophyll) and light-energy utilisation (in photosynthesis) 
and, that under N stress, xanthophyll-cycle-dependent energy dissipation does not substitute 
for a reduction in the potential for energy utilisation in photosynthesis. 
For C. vita/ba, the increase in the concentration of xanthophyll cycle pigments with increased 
light level (Fig. 6.3c) is consistent with previous reports that suggest that the size of the 
xanthophyll cycle pigment pool is dependent on the amount of light energy absorbed by leaves 
in excess of energy utilisation in photosynthesis, in other words, the ratio of photosynthesis to 
light level (Thayer and Bjorkman, 1990). However, in C. vita/ba grown at 3%RI, when light 
capture rather than photosynthetic capacity is the primary factor limiting growth (see Chapter 
5), the xanthophyll cycle pigment pool still makes up a relatively large proportion (23.9%) of the 
total carotenoid pool (Fig. 6.4). Also, the xanthophyll cycle pigment pool in C. vita/ba is relatively 
large in comparison to xanthophyll cycle pigment pool of other species growing under similar 
conditions (Table 6.3) and also, reported elsewhere (Table 6.4). These results would suggest 
that in C. vita/ba, the large xanthophyll cycle pigment pool is, to some extent, an adaptation 
rather than an acclimation characteristic. 
6.4.4 THE XANTHOPHYLL CYCLE AND THE SUCCESS OF CLEMA TIS 
VITALBA AS AN INVASIVE WEED SPECIES: A PROPOSAL: 
The large xanthophyll cycle pigment pool in C. vita/ba is consistent with Chapter 5 of this study 
that suggested, based on the maximum growth of C. vita/ba in high light, that C. vita/ba is 
adapted to high light environments. In general, together with a higher concentration of 
xanthophyll cycle pigments, high-light adapted species also commonly have an increased 
concentration of ~-carotene and a higher chlorophyll a:b ratio compared to low-light adapted 
species (Thayer and Bjorkman, 1990; Demmig-Adams and Adams, 1992a). However, for C. 
vita/ba this does not appear to be the case. Compared to a range of high-light adapted plants 
(see Table 6.4, crop species) and a range of plants grown under similar high light conditions 
(Table 6.3), C. vita/ba has a relatively low chlorophyll a:b ratio and ~-carotene concentration. In 
contrast to the large xanthophyll cycle pigment pool and the maximum growth rate of C. vita/ba 
at high light, these characteristics are more consistent with of a low-light adapted species. It is 
proposed that this combination of high- and low-light adapted characteristics and in particular, 
the large xanthophyll cycle pigment pool, may play an integral role in the ability of C. vita/ba to 
successfully invade forest remnants. 
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Low light levels could be expected to be experienced by C. vitalba establishing in or near forest 
gaps and margins. In a low light environment, a photosynthetic apparatus adapted to low light 
will have advantages over a photosynthetic apparatus adapted to high light and this should lead 
to an increased growth potential. In this "low light" situation, de-epoxidation of the xanthophyll 
cycle pigment pool and therefore dissipation of light energy will be minimal. Therefore it can be 
expected that the presence of a high concentration of xanthophyll cycle pigments should not 
exasperate the light-energy limitation to any great extent. As C. vitalba grows higher in the 
established canopy, both increased light level and an increased likelihood of exposure to 
sunflecks can be expected. As light level and sunfleck activity increase, the likelihood that light 
capture will exceed photosynthetic capacity, at least for short periods, will also increase. 
Normally in this situation, a photosynthetic apparatus adapted to low light would increase the 
likelihood of high light damage in the photosynthetic apparatus. For C. vitalba however, a high 
concentration of xanthophyll cycle pigments and therefore a large potential for energy 
dissipation will reduce the likelihood of excess light-energy occurring in the photosynthetic 
apparatus. This could allow C. vitalba to realise its maximum photosynthetic capacity at high 
light without an undue increase in the risk of high light damage to the photosynthetic apparatus. 
6.4.5 SUMMARY AND CONCLUSIONS: 
In Chapter 2, it was shown that the carotenoid concentration was higher in leaves of C. vitalba 
growing in high light compared to low light. In this chapter, it was suggested that, together with 
the characteristics discussed in Chapter 5, the carotenoid content of C. vitalba may also play an 
important role in light aCClimation, particularly high light acclimation. In this chapter, it has been 
shown that light (but not N level) has a major influence on the carotenoid composition of 
C. vitalba. It is suggested that the influence of light on the xanthophyll cycle pigments and 
f3-carotene is consistent with the role of these pigments in high light protection and that the 
influence of light on neoxanthin is consistent with a role for this carotenoid in light harvesting. It 
is suggested that the influence of light on lutein in C. vitalba is more consistent with lutein 
having a greater role in high light protection rather than light harvesting. 
The carotenoid composition of C. vitalba is compared to a range of other species and it is 
concluded that C. vitalba has a large xanthophyll cycle pigment pool. It is suggested that the 
large xanthophyll cycle pigment pool is consistent with a plant adapted to high light and that this 
is in contrast to other pigment characteristics that are more consistent with moderate to low 
light adapted species. It is proposed that the combination of both low-light and high-light 
characteristics in C. vitalba and particularly, the large xanthophyll cycle pool may be important 
in the establishment of C. vitalba in an environment where rapid spatial and temporal variations 
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in light level occur. Furthermore, it is suggested that these characteristics are important in the 
establishment of C. vitalba in forest gaps and forest margins and therefore, important in the 
success of C. vitalba as an invasive weed species. 
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CHAPTER 7 
GENERAL DISCUSSION 
142 
143 
7.1 INTRODUCTION: 
In New Zealand, the conservation of native forest remnants is important, as these remnants 
often represent the only remaining examples of unique ecosystems. The exotic species C. 
vitalba has become a major weed problem threatening the existence of many New Zealand 
native forest remnants. In these remnants, C. vitalba tends to establish in forest gaps and forest 
margins where it climbs over existing vegetation, producing a dense canopy that often results in 
the death of the vegetation underneath. The overall objective of this investigation was to gain 
further understanding at an ecological, physiological and biochemical level of why C. vitalba is a 
successful invasive weed in New Zealand native forest remnants. This chapter will firstly outline 
the method used to achieve this overall objective. This chapter will then briefly outline the major 
findings of the experimental chapters, initially focussing on the characteristics of C. vitalba that 
are considered to be the most important in its success as an invasive weed species and then, it 
will focus on the findings that are considered relevant to the physiology and biochemistry of 
higher plants in general. Based on the relevant findings of each chapter, an invasion strategy of 
C. vitalba in New Zealand native forest remnants will be proposed. Finally, the overall 
conclusion of this thesis will be stated. 
7.2 THE METHOD OF INVESTIGATION: 
To achieve the overall objective (see Chapter 1) this investigation first characterises the 
distribution of C. vitalba in a typical forest remnant (Chapter 2). From this, the environmental 
variables that appear to have the greatest influence on the distribution of C. vitalba are 
determined and the stage(s) in the life-cycle of C. vitalba when these variables are most likely 
to affect establishment are then defined. For each of these life-cycle stages, the influence of 
the potentially important environmental variables on selected physiological and biochemical 
processes is investigated (Chapters 3 to 6). The characteristics displayed by C. vitalba are then 
related back to the distribution of C. vitalba in the field (Chapter 2) and from this, their possible 
contribution to the success of C. vitalba as an invasive weed species is assessed. 
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7.3 OUTLINE OF EXPERIMENTAL CHAPTERS: 
In general, each chapter is undertaken with the overall objective of the study in mind. However, 
chapters 2 to 6 are the major investigatory chapters. Each of these chapters has a set of 
individual objectives, all of which are achieved. Findings from these chapters either partially 
achieve the overall objective or lead to further investigation in subsequent chapters. In this 
section, the major findings of each of the investigatory chapters will be briefly outlined; firstly 
with regard to the physiological and biochemical features that are considered to be important in 
the success of C. vitalba as an invasive species in native forest remnants and secondly, with 
regard to the physiology and biochemistry of plants in general. 
CHAPTER 2: 
Chapter 2 sets out to characterise the distribution of C. vitalba in a typical New Zealand, 
lowland native forest remnant. A preliminary scan of the distribution of C. vitalba is carried out. 
This is followed by a in depth distribution survey; a trial that investigates the influence of forest 
position and nutrient availability on the establishment of C. vitalba seedlings; a preliminary 
investigation of the influence of light level on C. vitalba and; the characterisation of seasonal 
soil N level. From the results, it is suggested that light level is the primary factor limiting C. 
vitalba establishment in undisturbed forest and that, at high light levels, increased N availability 
following disturbance may be an important factor in the establishment of C. vitalba. The results 
also suggest that although C. vitalba does not establish in undisturbed forest, it is capable of at 
least some acclimation to low light levels. 
CHAPTER 3: 
In Chapter 3, it is proposed that the distribution pattern of C. vitalba observed in Chapter 2 and 
the success of C. vitalba as an invasive weed species may to some extent result from the 
influence of environmental variables on C. vitalba seed germination. Seed of C. vitalba has 
previously been reported to display embryo dormancy and in Chapter 3, a high degree of seed 
dormancy is confirmed. It is shown that moist chilling, applied N (as N03 ° or NH4 +) and light can 
potentially reduce C. vitalba seed dormancy but, in contrast to chilling and applied N, light is 
only effective when applied in combination with one or both other factors. It is suggested that 
the levels of chilling, light and N required to influence Co vitalba seed germination are likely to 
occur in the natural environment and therefore likely to play an important role in the germination 
of C. vitalba. It is concluded that chilling is likely to be the primary factor determining C. vitalba 
germination in the natural environment, and although this is likely to influence the seasonal 
timing of germination, it is unlikely to account for the distribution pattern of C. vitalba in the field, 
particularly with respect to the limited establishment of Co vitalba in undisturbed forest. 
However, it is argued that the inability of chilling to reduce the dormancy of seed retained on 
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the vine, combined with the sporadic seed release from C. vitalba, leads to the production of a 
seed bank and, it is the influence of light and N on the dormancy of this seed bank that may be 
an important factor in the ability of C. vitalba to establish in forest gaps and margins. It is 
proposed that the elevated light and N levels that can be expected following disturbance are 
likely:.) be sufficient to overcome seed dormancy. Rapid germination of C. vitalba following 
disturbance will increase the likelihood that seedlings will establish in an environment where 
plant growth is less limited by resource availability and therefore increase the likelihood that C. 
vitalba will establish successfully and at the expense of other species. 
In C. vitalba both N03-- and NH/ -containing salts stimulate germination. It is shown that the 
stimulation of germination is dependent on the presence of N and that it is not an osmotic or 
ionic effect. From these results and the interaction of chilling, N and light in the reduction of C. 
vitalba seed dormancy, a model for the mechanism of dormancy reduction in C. vitalba is 
proposed. 
CHAPTER 4: 
In Chapter 2 it was suggested that low N level may be an important factor limiting the growth of 
C. vitalba at high light in the field and, it was suggested that increased N availability following 
disturbance may be an important factor in the establishment of C. vitalba. The stimulation of C. 
vitalba germination by N in Chapter 3 was further evidence that suggested an important role for 
elevated N levels in the establishment of C. vitalba. Chapter 4, sets out to investigate, in depth, 
the influence of N on the growth and N assimilation of C. vitalba and to determine if N 
availability is an important determinant of C. vitalba growth and therefore an important factor 
regulating C. vitalba distribution in the field. 
In Chapter 4, the ability of C. vitalba to respond to increased applied N concentration is 
determined. It is shown that C. vitalba can increase growth in response to relatively high levels 
of increased applied N03- and that this is consistent with a large potential capacity for N03-
assimilation. It is argued that the high potential for N03- assimilation, combined with the ability 
to store substantial quantities of N03- are characteristic of ruderal species and species adapted 
to high N03- environments and therefore, consistent with the establishment and 
competitiveness of C. vitalba in recently disturbed sites. The adaptation of C. vitalba to a N03-
dominated environment appears to be substantiated by the unusual characteristic where the 
potential for N03- assimilation is increased under NH4 + nutrition. Furthermore, It is proposed 
that in a high N environment, N03- assimilation in leaves and seasonal storage of N in roots 
may both increase the potential development and longevity of a leaf canopy. It is suggested 
that this increased canopy development and longevity may be an important factor in the 
competitiveness of C. vitalba in disturbed, potentially high N sites. 
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In Chapter 4, the stimulation of NR in NH/ supplied plants is discussed in depth. It has 
previously been reported that NR is a substrate induced enzyme (see references in Chapter 4). 
From the results in Chapter 4, it is argued that in C. vitalba this is not the case and that NR 
enzyme is induced in response to some factor other than the presence of N03-. It is suggested 
that the stimulation of NR with increased N supply, regardless of N form, may be characteristic 
of a species that is adapted to an environment where N03- is the main form of N available for 
uptake by plants. 
CHAPTERS: 
In Chapter 2, it was suggested that low light level was the most likely factor limiting C. vitalba 
establishment in undisturbed forest. However, results in Chapter 2 also suggested that C. 
vitalba was capable of at least some acclimation to reduced light levels. In Chapter 5, the low 
light acclimation potential of C. vitalba is determined. It is shown that C. vitalba does not survive 
at light levels as low as 1 % full sunlight, but can survive at 3% full sunlight and, can achieve 
substantial growth at light levels in the range 10% to 100% full sunlight, with maximum growth 
occurring at 100% full sunlight. It is suggested that the results in this chapter combined with the 
results from Chapter 2 are substantial evidence that light level is the primary factor limiting C. 
vitalba establishment in undisturbed forest. It is also proposed however, that the light 
acclimation potential of C. vitalba may be an important factor in the encroachment of C. vitalba 
from forest margins into undisturbed forest. 
A range of light acclimation characteristics of C. vitalba are assessed with regard to the ability 
of C. vitalba to achieve substantial growth over a relatively broad range of light levels. It is 
concluded that the primary factors involved in the acclimation of C. vitalba to light level are 
associated with changes in SLA and, the ability to maintain a balance between photosynthetic 
capacity and light absorption. It is suggested that important factors in low light acclimation are; 
the ability to increase SLA while maintaining light absorption per unit leaf area; the ability to 
reduce photosynthetic capacity on a leaf area and on a chlorophyll basis and; to a lesser extent, 
the ability to minimise potential leaf shading. It is suggested that important factors in high light 
acclimation are; an increase in leaf thickness and therefore leaf toughness and; the ability to 
increase photosynthetic capacity and maintain photosynthetic capacity regardless of applied N 
level. 
In Chapter 5, evidence is also presented that suggests the changes in dry matter partitioning at 
the whole plant level that occur as a consequence of light level can, to a large extent be related 
to changes in the N concentration in plants. It is argued that this is consistent with reports that 
suggest a common mechanism in the control of dry matter partitioning and, that this 
mechanism is related to the N content of plants (see Chapter 5). 
CHAPTER 6: 
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In Chapter 2, it was show., that the carotenoid concentration was higher in C. vitalba growing in 
high light compared to low light. In Chapter 6 it was suggested that, together with the 
characteristics discussed in Chapter 5, the carotenoid content and composition of C. vitalba 
may also play an important role in light acclimation; particularly high light acclimation. In 
Chapter 6, it is shown that light, but not N level, had a major influence on the carotenoid 
composition of C. vitalba. The carotenoid composition of C. vitalba is compared to a range of 
other species. It is concluded that C. vitalba has a large xanthophyll cycle pigment pool and, 
that this is consistent with high light adapted species but, that other pigment characteristics are 
more consistent with moderate to low light adapted species. It is proposed that for C. vitalba, 
the combination of both low-light and high-light characteristics and particularly, the large 
xanthophyll cycle pool are important in the ability of C. vitalba to grow in an environment where 
rapid spatial and temporal variations in light level occur and, that this has important implications 
in the establishment of C. vitalba in forest margins. 
The carotenoid composition of C. vitalba is discussed in relation to the role of carotenoids in 
higher plants in general. It is suggested that the influence of light on the xanthophyll cycle 
pigments and ~-carotene is consistent with the role of these pigments in high light protection 
and, the influence of light on neoxanthin is consistent with a role for this carotenoid in light 
harvesting. It is suggested that, in C. vitalba the influence of light on lutein is more consistent 
with lutein having a greater role in high light protection than light harvesting. 
7.4 PROPOSED "INVASION STRATEGY" OF 
CLEMATIS VITALBA INTO NEW ZEALAND 
NATIVE FOREST REMNANTS: 
Clematis vitalba shows features of both low-light and high-light adapted species and the ability 
to acclimate to a wide range of light levels (Chapter 5 and Chapter 6). Clematis vitalba also 
show characteristics typical of a species capable of rapid growth in soils that have moderate to 
high levels of plant available N (Chapter 4). It is proposed that these features combined with the 
ability of C. vitalba to establish rapidly from seed, following disturbance (Chapter 3) that 
account for the success of C. vitalba as an invasive weed species in New Zealand native forest 
remnants. 
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Clematis vitalba has a capacity for prolific seed production. This seed is effectively dispersed by 
the action of wind, water and birds. It is proposed that, as a consequence of seed dormancy 
and sporadic seed release, C. vitalba effectively maintains a seed bank (Chapter 3) and that it 
is the maintenance of a seed bank that is important in the subsequent establishment in forest 
gaps and margins. Forest gaps can occur as a consequence of windfall and other phenomenon 
that result in the natural demise of canopy trees. Forest margins are implicit in the occurrence 
of forest remnants. When soil disturbance (eg. through the uprooting of trees or erosion) occurs 
in combination with forest gaps or forest margins, elevated light levels at the soil surface and 
elevated N03- concentrations in the soil occur. These elevated light and N levels reduce the 
dormancy of the pre-existing C. vitalba seed bank resulting in the germination of C. vitalba into 
an environment where there is limited competition from other plant species and elevated levels 
of resources available for plant growth. Under these conditions, C. vitalba is capable of 
substantial growth and therefore, rapid colonisation of the disturbed site. If the canopy begins to 
close or, as C. vitalba climbs into and over the surrounding vegetation, reduced light levels may 
be experienced. Clematis vitalba can successfully acclimate to this reduced light level and will 
continue to grow, ultimately reaching positions higher in the canopy where there are higher light 
levels and therefore an increased potential for growth. Once above the canopy, C. vitalba 
maintains growth through several mechanisms including efficient nutrient cycling and, 
(depending on subsequent disturbance) through the storage and subsequent utilisation of 
stored nutrients. The maintenance of a dense canopy results in reduced growth and potentially, 
the death of understorey vegetation. This reduces competition and increases the likelihood of 
subsequent disturbance thereby maintaining an environment where C. vitalba has a competitive 
advantage over native vegetation. 
7.5 OVERALL CONCLUSION: 
It is the overall conclusion of this thesis that the success of C. vitalba as an invasive weed in 
New Zealand native forest remnants is a consequence of 3 main characteristics. These are: 
• The ability of C. vitalba to germinate within a short period following disturbance. 
• The ability of C. vitalba to obtain substantial growth in areas with elevated levels of light and 
plant available soil N. 
• The ability of C. vitalba to survive under a wide range of light and N levels. 
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Appendix 1. Aerial photograph of part of Peel Forest park showing Dennistoun Bush 
(centre) bisected by the Kowhai Stream. Also visible is the Blandswood 
settlement, probably the original site where C. vitalba was introduced into the 
area. 
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Appendix 2. Representative absorption spectra of chlorophylla (A), chlorophyllb (8), antheraxanthin (C), ~-carotene (0), lutein (E), neoxanthin (F) and, 
violaxanthin (G) that were used to test spectrophotometric chlorophyll a:b equations (Chapter 2) and used during the quantification of 
HPLC analysis (Chapter 6). Pigments were dissolved in either Oiethyl Ether (A, 8) or Ethanol (C, 0, E, F, G). Numbers on each chart are 
the actual wavelengths of each peak. 
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Soret peak ratio 
Reference source 
Spectra peak 1 2 3 This study 
(nm) 
Chlorophylla 
660.8 0.767 0.794 0.794 0.784 
615.4 0.124 0.125 0.123 0.117 
577.4 0.070 0.069 0.065 0.064 
532.4 0.032 0.035 0.030 0.031 
429.0 (So ret) 1.0 1.0 1.0 1.0 
409.8 0.648 0.651 0.650 0.632 
Chlorophyllb 
643.0 0.355 0.369 0.366 0.366 
594.2 0.073 0.074 0.075 0.073 
454.0 (So ret) 1.0 1.0 1.0 1.0 
430.0 0.359 0.370 0.363 0.388 
Appendix 3. Soret peak ratios (calculated as the absorbance at the indicated peaks divided by the 
absorbance at the Soret peak) of purified chlorophyll a and chlorophyllb in this study 
compared to other studies (1 = Smith and Benitez (1955); 2 = Lichtenthaler (1987); 3 = 
Porra et al. (1989)). For chlorophylla, lower ratios at 532.4 nm indicate less contamination 
by phaeophytin (Smith and Benitez, 1955) and lower ratios at 409.8 nm indicate less 
contamination by oxidation products (hydroxylactone derivatives) (Porra and Grime, 
1974). 
172 
Appendix 4. 
Basal Nutrient solution: 
The basal nutrient solution is adapted from Andrews, et al. (1989) and contained; 
MgS04 (3.0 mol m-3), CaCI2 (3.0 mol m-3), CoS04 (0.02 mmol m-3), CUS04 (0.1 mmol m-3), 
H3B03 (5.0 mmol m-3), MnS04 (1.0 mmol m-3), NaCI (10.0 mmol m-3), Na2Mo04 (0_5 mmol m-3), 
ZnS04 (0.1 mmol m-3), C6Hs07Fe (5_0 mmol m-3). The pH was maintained at 5.7 by the addition 
of KH2P04 (3.0 mol m-3) and K2HP04 (0_3 mol m-\ 
Coomassie Brilliant Blue protein reagent 
Dye binding Coomassie Brilliant Blue protein reagent was produced using the method 
described by Bradford (1976). Briefly, Coomassie Brilliant Blue G-250 (0.1 g ) was dissolved in 
50 ml of 95 % ethanol. To this solution 100 ml of 85 % (w/v) phosphoric acid was added. The 
resulting solution was diluted to 1000 ml and then filtered through Watman (number 1) filter 
paper. Final concentrations in the reagent were 0_01 % (w/v) Coomassie Brilliant Blue G-250, 
4_7 % (w/v) ethanol, and 8-5 % (w/v) phosphoric acid_ 
Scintillation cocktail mix: 
The Scintillation mix was produced by dissolving 45 g of PPO (2,5-Diphenyloxazole) and 0_15 g 
of POPOP (1 ,4-bis [4-Methyl-%-phenyl-2-oxazolyl] benzene) in 1000 ml of toluene and then 
adding 500 ml of Triton-X-1 00_ 
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Appendix 5. Standard curve relating Bovine Serum Albumin (BSA) concentration to the 
Absorbance of the solution at 595 nm after the addition of Coomassie Brilliant 
Blue reagent. 
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Appendix 6. Standard curve relating the nitrite concentration in solutions to the absorbance at 
543 nm following the method described in Chapter 4. 
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Appendix 7. Standard curve relating the ammonium concentration in solutions to the 
absorbance at 650 nm following the method described in Chapter 4. 
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Appendix 8. Dennistoun Bush C. vitalba distribution study transects showing the position of established C. vitalba (X) 
and, the light levels as a percent of full sunlight along each transect. 
Transecl Transecl Transecl Transecl Transecl TranseCI Transecl Transec\ Transecl Transecl TranSecl Transec Transecl 
1 2 3 4 5 6 7 8 9 10 11 12 13 
m C Ughl c. Ughl C Ughl C Ughl C L.ghl c. Ughl c. Ughl C L.ghl c. Ughl C. Ughl c. Ughl c. lICJ/11 C. Lighl 
''''- 100 100 100 100 100 100 100 100 100 100 100 100 100 
0 X 18 X 10 34 22 38 28 12 25 X 36 32 X 37 X 28 18 
1 X 20 X 12 3 8 12 14 14 12 12 24 X 21 X 16 28 
2 X 14 X 9 2 5 3 8 6 5 6 26 X 12 X 24 7 
3 X 20 X 6 3 2 4 9 11 3 2 10 X 8 9 8 
4 X 11 5 1 4 6 6 9 4 4 4 X 12 X 13 4 
5 X 13 X 8 3 3 2 3 3 X 12 3 4 X 18 8 5 
6 X 15 X 8 X 28 X 10 
7 X 9 X 30 
8 X 14 
9 X 6 
10 8 3 2 2 2 4 2 8 4 3 4 3 6 
X 7 
15 X 14 4 2 2 3 3 5 2 2 2 2 2 2 
X 10 
X 7" 
X 8 
20 X 6 3 1 3 2 2 4 3 2 1 2 1 
25 100 X 100 4 1 3 2 3 3 3 2 3 3 2 
X 75 
X 100 
X 100 
X 100 
30 100 100 100 3 2 3 2 1 2 4 1 2 4 
35 100 100 2 1 2 4 2 3 3 4 1 4 
40 100 100 2 2 3 2 2 2 1 5 4 2 
X 4 
X 12 X 12 
45 100 X 40 5 3 2 18 4 1 2 2 3 2 
X 100 X 20 
X 10 
X 5 
50 100 100 4 3 2 4 5 3 1 2 2 1 
Appendix 8. (continued) 
Transect Transect Transect Transect Transect Transect Transect Transect Transect Transect Transect Transec 
14 15 16 17 18 19 20 21 22 23 24 25 
m c. Light C. light C. Light C. light c. Light C. Light c. light C. light C. Light c. light C. Light C. light 
, .. ~ 100 100 100 100 100 100 100 100 100 100 100 100 
0 24 37 X 25 X 21 56 18 24 X 27 X 32 21 X 18 X 20 
1 12 11 20 X 26 64 6 13 X 32 X 12 17 X 20 X 12 
2 14 7 12 X 17 70 8 6 X 12 X 11 19 X 11 X 16 
3 8 16 17 X 9 80 2 6 14 15 9 12 X 10 
4 6 4 19 X 14 39 4 2 18 X 13 6 5 12 
5 8 4 6 7 13 4 3 9 8 7 3 9 
6 X 7 
7 
8 
9 
10 2 3 4 1 24 7 5 6 4 3 2 4 
X 10 
15 2 6 4 2 19 17 7 9 6 4 2 4 
20 6 10 3 4 16 50 4 18 2 3 1 2 
25 4 3 3 2 3 12 7 3 3 2 2 4 
30 2 3 2 7 3 18 58 3 1 3 4 1 
35 3 2 3 3 1 12 14 2 2 3 3 2 
40 1 3 9 1 5 7 8 3 4 4 7 6 
45 2 3 3 2 2 1 2 2 2 3 3 2 
X 8 
50 2 3 2 4 3 2 3 3 5 9 7 3 
Appendix 8. (continued) 
Transect Transect Transect Transect Transect Transect Transect Transect Transect Transect Transect Transec Transec 
26 27 28 29 30 31 32 33 34 35 36 37 38 
m C LiQht c. Lioht C Lioht C Lioht C Lioht C Lioht C Lioht C light C lioht C liGht C lioht c. lioht C Lioht 
, .. - 100 100 100 100 100 100 100 100 100 100 100 100 100 
0 32 24 100 34 26 X 32 22 68 26 42 33 22 24 
1 16 20 100 18 42 X 14 31 26 12 15 12 14 26 
2 14 9 100 26 X 40 8 6 14 8 30 20 8 8 
3 12 5 100 9 X 12 5 7 4 10 26 9 6 12 
4 8 4 100 4 X 14 3 6 4 6 10 7 4 6 
5 3 8 100 6 X 9 6 4 4 2 18 7 8 8 
6 X 18 
7 X 84 
8 
9 
10 7 6 100 7 100 4 3 4 3 14 4 3 4 
15 10 4 100 38 100 6 2 3 3 8 3 2 3 
20 8 11 100 14 92 7 2 2 3 4 2 1 1 
X 29 
X 16 
25 12 5 100 X 29 21 2 3 4 1 2 1 3 2 
X 41 
X 100 
30 7 4 100 100 100 3 1 2 4 5 4 1 2 
35 8 4 100 100 100 3 3 3 3 4 3 3 4 
X 100 
X 42 
40 10 4 X 26 100 46 2 1 6 7 3 8 1 2 
X 50 
X 20 X 24 
X 7 
X 18 X 14 
45 X t2 4 X 5 100 X 9 4 3 4 3 4 3 3 4 
X 68 X 5 
X 100 X 4 
X 24 X 4 X 63 
X 34 
50 X 31 4 X 9 X 26 8 3 2 1 9 5 4 2 1 
Appendix 8. (continued) 
Transecl Transecl Transecl Transecl Transeci Transeci Transecl Transect Transect Transecl Transecl Transec 
39 40 41 42 43 44 45 46 47 48 49 50 
m C Llghl c. Lighl C Ughl C LI.9hl C Lrghl c. Lrghl c. Ugh I c. Llghl c. lighl C Ughl c. Llghl C liQhl 
F ..... un 100 100 100 100 100 100 100 100 100 100 100 100 
0 50 28 26 X 32 90 X 96 X 24 X 42 47 100 100 32 
1 26 21 26 X 27 100 X 21 X 12 X 9 21 100 X 92 41 
2 17 16 9 24 87 X 15 X 10 22 6 100 X 100 61 
3 15 7 11 X 15 80 20 X 17 X 11 8 84 100 14 
4 7 8 6 X 9 X 100 X 9 X 6 17 4 X 63 86 25 
5 6 4 7 14 X 23 6 7 X 8 5 X 84 94 33 
6 X 7 X 16 X 4 X 49 
7 10 X 13 
8 X 14 X 29 
9 20 
10 4 8 3 X 24 X 9 5 4 5 3 36 85 26 
X 17 X 13 
X 10 
X 7 
15 3 12 4 8 9 2 3 4 2 17 21 14 
20 3 8 2 3 4 4 3 4 1 6 7 4 
25 2 2 4 1 5 4 2 4 3 2 2 2 
-.:. 
30 3 6 1 2 2 2 1 2 2 4 3 4 
35 2 3 3 4 3 3 1 3 5 1 3 5 
40 1 4 2 2 4 4 2 2 3 2 3 2 
45 2 4 3 5 2 2 1 2 1 3 4 2 
50 1 2 2 1 3 3 2 3 4 2 3 1 
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Appendix 9. Optimisation of Propan-1-ol concentration for the assay of nitrate reductase 
activity (NRA) (Chapter 4). 
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Appendix 10. Optimisation of RUBISCO extract incubation time (A) and RUBISCO activity 
reaction time (B) for the assay of RUBISCO activity (Chapter 5). 
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Appendix 11. Regression equations showing the relationship between chlorophyll 
concentration and carotenoid concentration (Chapter 6). (significant (P < 5%) 
regressions only are reported). 
Carotenoid to chlorophyll relationships at 100%RI 
Neoxanthin = 0.026 + 0.037 x chlorol nvll 
Lutein = 1.150 + 0.164 x chlorophyll 
V +A+Z = 2.510 + 0.151 x chlorophyll 
~-Carotene = -0.550 + 0.475 x chlorophyll 
Carotenoid to chlorophyll relationships at 66%RI 
Neoxanthin = 0.204 + 0.040 x chlorophyll 
Lutein = 10.200 + 0.130 x chlorophyll 
V+A+Z = 6.700 + 0.113 x chlorophyll 
~-Carotene = -3.230 + 0.080 x chlorophyll 
Carotenoid to chlorophyll relationships at 33%RI 
Neoxanthin = 1.06 + 0.036 x chlorophyll 
Lutein = 6.08 + 0.136 x chlorophyll 
V+A+Z = 2.84 + 0.099 x chlorophyll 
~-Carotene = 1.91 + 0.0525 x chlorophyll 
Carotenoid to chlorophyll relationships at 10%RI 
Neoxanthin = 1.09 + 0.033 x chlorophyll 
Lutein = 11.700 + 0.079 x chlorophyll 
V+A+Z = 9.34 + 0.0321 x chlorophyll 
~-Carotene = -1.330 + 0.042 x chlorophyll 
Carotenoid to chlorophyll relationships at 3%RI 
Neoxanthin = -1.590 + 0.047 x chlorophyll 
Lutein = linear regression not significant 
V+A+Z = linear regression not significant 
~-Carotene = linear regression not significant 
